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DECLARATION OF AUDREY D. GODD ARD, Ph.D UNDER 37 CF.IL § 1,132 

Assistant Commissioner of Patents 
Washington, D.C. 20231 

Sir: 

I, Audrey D. Goddard, PLD. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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Serial No.: * 
Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al. 9 Biotechnology 10:413-417 (1992) (Exhibit B); Livak et aL % PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et aL, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et a/., Proa 
Natl. Acad. Sci. USA 95(25):14717-14722 (1998) (Exhibit E); Pitti et aL, Nature 
396(67 12);699-703 (1998) (Exhibit F) and Bieche et aL, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et aL have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et aL studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et aL used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i;e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown * 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. 1 declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 

Date 



Audrey D. Goddard, PhD. 
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AUDREY 0. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech 's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 



• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 



diagnostics 



1998 -2001 



Senior Scientist 
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1993-1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 



McMaster University 

Hamilton, Ontario, Canada with Dr. G. D. Sweeney 
5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 

University of Toronto 

Toronto, Ontario, Canada. 1989 
Department of Medical 
Biophysics. 



Honours B.Sc 

'The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



McMaster University, 

Hamilton, Ontario, Canada. 1983 

Department of Biochemistry 
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ACADEMIC AWARDS 



Imperial Cancer Research, Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455.496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic add 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25,2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number 6,372,491. Date of 
Patent: ApriM 6, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350.450. Date of Patent: Feb. 26. 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number 6,348,351. Date of Patent: 
Feb. 19,2002. 

Goddard A. Godowski PJ and Gurney AL. Ligand homologues. Patent Number 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number 6,207,640. Date of Patent: March 27. 
2001. . 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J t Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX t Goddard AD, Grimaldi JC f Lee J, Dowd P, Colman 
S. ( Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-1 42. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17Rh1. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. . 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL f Marsters SA ? Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD t Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 21 5-218. 

Ridgway JBB, Ng E, Kern JA f Lee J f Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 271 8-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ f 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wi, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas Hgand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, TaneyhiH LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood WI, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1 997) A novel receptor for Apo2UTRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor G/M. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood WI, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277. 
(5327): 818-821. 
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Goddard AD, Dowd P. Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr, 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP. Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1 996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology\A2: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular E ndocrinology of Cancer. 
Waxman. J. Ed. Cambridge University Press, Cambridge UK, pp. 187-21 5. 

Treanor JJS, Goodman L, de Sauvage F. Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM. Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-71 13. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP. Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for art Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981. 

Bennett BD, Zeigler- FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Nati. Acad. Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6: 732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1 994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 1 0720-1 0728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyeiocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyeiocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyeiocytic leukemia. Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet Cell. Genet 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyeiocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254:1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihlajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet Cell. Genet. 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991) 
Construction and regional localization of a Not\ linking library from human chromosome 17q. 
Genomics 10: 477-480. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyeiocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlajaniemi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet. 46: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V. Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP, Dunn JM, Phillips RA, Goddard AD, Paton KE, Becker A and Gallie BL. (1989) 
Germiine, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: .312-314. 

Gallie BL, Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Bio loov of The Eve: Genes. Vision and 
Ocular Disease . UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube* This enhancement 
requires the addition of ethidium feromide 
(EtBr) to a PCR- Since the fluorescence of 
EtBr increases in the presence of double- 
stranded (d*) DNA an increase in fluores- 
cence in such a PCR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although tUc potential benefits of PCR 1 to clin- 
ical c&gno*tics arc wcU kiidwi* 2 9 , it te still not 
widely used in this setting, even though it w 
font- year* unco thcrni9*t*Uei DMA polymer* 
ase* 4 nWc PCR practical Some of the reasons for it* slow, 
acceptance are high cost, tack of automation of pre^ and 
post-PCR processing steps, and false positive resulttjroro 
caiTyovcT^ontarrunation. The first two point* arc related 
in that labor is the largest contributor to cost flit the present 
stage of PCR development* Most current assays requite 
M>Tne form of "downstream" processing once tbermocy* 
ding k done in order *b determine whether the target 
DNA sequence was present and has amplified. T™e 
include DNA hybridiwdon** gel efcctrophoreM* with or 
without use of restriction digestion 7 ; 3 ; HPLCr, or capilliiry 
electrophoresis 10 - These method* are labor-intense, hare, 
low throughput and arc difi&cuh to automate. The third 
point is abo ctedy related to downstream processing. 
The handling of the PGR product in these downstream 
processes increases the chances that amplified DNA will 
spread through the typing lab, resulting in a risk of 



"carryover" false positives in subsequent testing . 

These downstream processing steps would be elmtt- 
nated if specific amplification and detection of ampbfied 
DMA took place simultaneously within an unopened re- 
action vessel Assays m which such different processes take 
place without the need to separate reaction components 
have been termed ^homogeneous". No truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress toward* this end has been repotted. Chefcab, et 
al 1 * developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Alldc-specific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a do wnstream process in order to visuahzc the 
result Recently, Holland, et aL l5 f developed a* assay in 
which the endogenous 5 r exoaudease assay of Taq DNA 
polymerase was exploited to cleave a fabekd^gonucJeo- 
ude probe. The probe would only cfcave if PCR ampSh- 
cation bad produced its complementary sequence. In 
order to delect the cleavage products, however, a subse- 
quent process is again needed. 

We have developed a truly homogeneous assay for PGR 
and PGR product detection based upon tbc greatly in- 
creased fluorescence that ethidium bromide and other 
DNA binding dyes exhibit when they are bound .tojfc- 
DNA t4 ^ 19 . As outUncct in Figure 1, a prototype PGR 
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ROVRE 1 -Prindplc of simuttaacous ampu&catkm and- detection of 
PCR product The component* of a PCR conortnrngEtBr that are 
fluor&owK areKsted-itBritself, Et»r bound tocsthcr ssDNA or 
daDN A. There is a large fluorescence enhancement when EtBr is 
bound to t>NA and binding is greatly enhanced when DNA is 
doubfc-siTzndcd. Afto sufficient <n). cydes of PGR* thc .net 
increaM tn dqpNA results in additional EtBr binding, and a DCt 
increase in total fluorescence: 
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WW 2 Get electrophoresis of PC& amplification products of the 
human, mtdear gene, HLA DQti, made in the presence of 
incrotstag amounts of EtBr (up to 8 M-g/td). The presence of 
£t#r lias no obvious effect on the ykid or specificity of amplifi- 
cation. 
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RGOU > (A) fluorescence measurement* from PCRs that contain. 
0.5 pgfrn! EtBr and that am specific for Y<hrotnosOroc repeat 
sequence*. Five replicate PCRs **ere begun containing each of the 
DNA* specified. At pact mdicned cyde. one of the five repikatc 
PCRs fi>r each DNA was removed from thennocydmg and tis 
fluorescence measured. Uniu of fluorescence are arbitrary. <B) 
UV photography of PCR tube* (0.5 ml Eppcndorf ^tylc, jxnypro- 
pytcne mtcro^entrifure tubes) cont^mmg reactions, those 5ta.ru 
uig from 2 ng male DNA and control reactions without any DMA, 
from (A). 



414 



begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, acd DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-ceil amounts of DNA 17 to 
micrograms per PCR^ 8 , If EtBr is present, the reagents 
that will fluoresce, in order of irxreasing' fluorescence, are 
tree EtBr itself, and EtBr bound to the singk-straitdcd 
DNA primers ami to the dwblc-stranded target DNA (by 
its intercalation between the stacked bases of the DMA 
doubk>hcfc). After the first denatu ration cycle, target 
DNA will be largely sinric-stranded. After a PGR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PCR product itself) of up to 
several mierograms. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
is much less than to d&DNA, che effect of this change on 
the total fluorescence of the sample is smalt The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification, vessel 
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bclbrc and after, or even coniimtously during, thermocy- 
ding. 

RESULTS 

PCR in the presence of EtBr. lo order to assess the 
affect of EtBr in PGR, amplications of the human HlJ\ 
DQa gene* 9 were performed with the dye present at 
concentrations from 0,06 to 8,0 tLgfrvl (a tynicaj concen- 
tration of EtBr used in staining of nucleic aads following 
get electrophoresis is 0.5 v<gtm\). As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these corumtrarions, indicate 
ing mat EtBr does not inhibit PCR, 

Detection of human Y-dktomosoni« specific $t- 
cpences- Sequenre-sperinc, fluorescence enhancement of 
EtBr a* a result of PCR was demonstrated in a series of 
amplifications containing 0*5 jig/ml EtBr and primer* 
specific to repeat DNA sequences found on the human 
Y-chromosomc 20 - These PCRs initially contained either 
60 ng male. 60 ng female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA. After 0, 
17, 21 , 24 and 29 cycles of thermocycting, a PGR for cadi 
DNA was removed from the thermocycler, and its. fluo- 
rescence measured in a spcctr<>miorotneter and plotted 
vs. amplification cycle number (Fig. 3 A). The shape of th» 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, die increase in DNA U 
besoming linear and not exponential with cycle number. 
As shown, the fluorescence increased aboujt three-fold 
over the background fluorescence for the PCRs contain* 
ing human male DNA, but did not stgrnftcantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel cleetropnWsis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected skc were made in the male DNA containing 
reactions and that Utile DN A synthesis took place in the 
control samples. 

In addition, the increase in. fluorescence wa* visualized 
by simply laying the completed, unopened PCRs on a UV 
trarujlhirninatOT and photographing them through a red 
filter. This is shown in figure SB lor the reactions thai 
began with 5 ng male DNA and those with no DNA* 

Detection of specific aUck* of tire human fl-globin 
gene* In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a dttcction 
of the sickle-cell anemia mutation was performed Figure 
4 shows the fluorescence from completed ampMcation* 

containing EtBr (O.S Kg/ml) a* detected by photography 

of the reaction tubes on a UV transiUuminaior, These 
reactions were performed using primer* specific for ci- 
ther the wild-type or sickle-cell mutation of the human 
^globin gene* \ The specificity for each allele is imparted 
by placing the sickie-mutation site at the terminal 3' 
hudeotidc of one primer. By using an appropriate primer 
annealing temperature, primer extension— and thus an> 
plirkation--can take place only if the 5' nuckotkte of the 
primer is complementary to the $-gtobin aUdc pix*cnr 3 ^. 

Eachjpair of ampihicauons shown in Figure 4 consists of 
a reaction with either the wild-type allele spedfk (left 
tube) or nkkk-aUele specific (righc tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wfld-typc p-globin individuar(AA); from a heterozygous 
skkle p-gk>bin individual (AS); and from a homozygous 
sickle p-gip^n individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pair? 
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c f reactions each). The DNA .type vas reflected in the 
rtjadvc fluorescence intensities in each pair of completed 
flm plificatk>m 4 There was a significant increase in fluores- 
ce* only where a p-globin allele DNA matched the 
primer set. When measured on a spcrtrofluoroinctcr 
Mjtri not shown), this fluorescence was about three times 
jttt present in a PCR where both ft-gfabm alleles were 
mismatched to the primer set. Gel electrophoresis (aot 
pjtown) established that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for fcglobin. There was 
fkdc synthesis of dsDNA in reactions in. which the alkie- 
jjp^ofic primer was mismatched to both alleles. 

ConrimioTO mofntorxo^ of a PGR. Using a fiber optic 
devkcru i* possible to direct excitation uJuminatiott from 
spectrofl uorometer to a PCR undergoing thennocydituj 
a nd to return its fluorescence to the Kpcctroftuorometcr. 
The fltiorcsccnce readout of such an arrangement, di- 
rected at an EtBr-containing amplification of Y-chromo- 
some speciOc sequences from 25 ng of toman male DNA* 
is shown in Figure S. The readout from a control PCR 
with no target DNA is also shown. Thirty cycles of PCR 
were monitored for each. 

The fluorescence trace a* a function of time dearly 
shows the effect of the thennocyding. Fluorescence interc- 
ity rises and. falls inversely with temperature* The fluo- 
rescence intensity is minimum at the denaturadon tem- 
perature (94°C) and maximum at the ^nncaUng/exten5ion 
temperature (50°C). Ira the negative-control PCR, these 
fluorescence maxima and minima do pot change signifi- 
cantly over the thirty tbcrraocycte, indicating that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there is litde if any teaching of EtBr during 
the continuous illumination of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds' of thcrmocyding, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denatuxauoo. temperature: do not 
significantly increase* presumably because al this temper- 
ature there is no dsDN A for EtB r to bind. Thus the course 
of the amplification is fblJowcd by tracking the ftuores*. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the expected siie for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample* 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-Apedfic probe can enhance die specificity of DNA 
dcceiAwit by FCR. The cHinioatiori of iheac proccrac? 
means that' the specificity of this homogeneous assay 
depends solely on that of FCtL In the case of sickle-cell 
discwe, wc have shown that PCR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, there is little non- 
specific production of dsDNA in the absence of rhe 
Appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than mat required' to do genetic screening, 
depending on the number of pathogens in the sarnie and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a viraJ genome that can be at the level of a few copies 
per thousands of host ceils*. Compared with genetic 
screening, which is performed on cells containing at least 
one copy of the target sequence* HIV idetection requires 
both more specmoity and the input of mote total 
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UV photography of PCR tubes containing f 
using Eti&r that art specific to wiWkype (A) or sicfie (S) alleles of 
the human p-globin gene. The left of «^p^rtf tube* contain* 
aBclotpcdfic primer* to the wild-type alleles, the right tube 
primers to the skkte attek. The photograph was taken after SO 
cydes of PCR, and the input DNAs and the alleles jhey coutaio 
are mdic9t«d. **fty tog of DNA was used to bepn PGR Typing 
was done in triplicate <3 pairs of PCS,?) for each input DNA: 
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RGUKI 5 Continuous, real-rime monitoring of a PCR, A fiber optk 
was u*cd to carry- excitation light to a rXflS. m progress and also 
emitted light back to a ftuoromctcr (see Exoenmcntal Protocol). 
Anrotificauoa using human nudo-DNA specific pnmcn in a PCR. 
Starting with 20 ng of human male DNA (top), or in a control 
PCR without DNA (bottom), were monhorcd, Thirty cydw of 
PCR were foJiowed for each. The temperature cycled between 
94X {denaturatiata) and 50*C (anneaUog and extension). Note in 
the male DNA PCR*. the cyde (time) deptt&cm motasc in 
fluorescence at the anucaEft^extensum temperature 
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DN A— -up to microgram amounts—in order to have suf- 
ficient number* of target sequences. This large amount of 
starting DMA m an amplification signi&cantly increases 
the background fluorescence over w-ruefe any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets in tow 
copy-number is the formation of the "priroer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occur* the extension product is a 
substrate for PGR amplification, and can compete whh 
true PCR targets if those targets are rare. The primer- 
dirner product is of course d$DNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase PCR specificity and reduce the effect of 
primer-dimcr arnpUrkaoon, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplification* that take place in a sangie tube 8 , and the 
*1iot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 25 . Preliminary results using these ap- 
proaches suggest tbatprimcTHiuTCr is effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* ccdls. With larger numbers of ccfls, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To. reduce this background, it may 
be possible to use sequence«specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 



genomic DNA by incorrjorating the dye-binding DNA 
sequence into the PCR product through a 5' *addn— " 
the oligonucleotide primer*' 1 , 
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We nave shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PGR is completed and continuously dining 
ihermocychng. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is ahcadyjiossiblc with existing instru- 
mentation in 96-well format**. In this format, the fluores- 
cence in each PCR can be quantitated before, after, and 
even at selected points during thermocyciing by moving 
the rack of PCRs to a So-micrwcH plate fluorescence 
reader 4 *. , 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple flberoptics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during PCR a fluorescence increase is detected. Prdinii- 
nary experiments <Higuchi and Dottinger, manuscript in 
preparation) with continuous rnorutoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
Vnown — as it can be in genetic screening-^continuous 
monitoring may provide a means of detecting fa toe posi- 
tive and false negative result* With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
refiuks due to, for example,. inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles — many more than are necessary to detect a true 
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positive. If a sample fails to haw a fluorescence increase 
after this many cycles, inanition may be suspected. Since, 
to this assay, conclusions are drawn based on the presence ; 
or absence of fluorescence signal alone, such controls may 
be important. In any event before any test based on this 
principle is ready for the clinic, an assessment of false 
positive/false negative rates wDI need to be obcained'using 
a large number of known samples. 

In summary, the inclusion in PGR of dyes whose fluo- : 
rescence is enhanced upon landing dsDNA makes it 
possible to detect specific DMA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Hunan HLA-DQ« gene ^HBcations containing EtBr. 
PCRs were set wp in 100 pA volumes containing 10 mM Tn^HCh 
pH 8.3; 50 mM KCI; 4 raM MgC^: « unit* of Taa DNA 
polymerase (Fterktt*£Jmcr Genu. Norwalk, CT); 20 pinole each 
of human HlA-DQa ' gene specific oligonucleotide primers 
(>H$6 and CH27 19 and approximate!? 10* copies of DQfc PCR 
product diluted from a previous reaction. EdjicHum bromide 
VEibr, SigtttA} was used at tbe ccmcentrauons indicated id Figure 
2. Thermocyding proceeded for 20 cvcles in a model 480 
uScmocydcr (PerkJt>-EJ«er Ccw, Norwatk, CT) u«nga;stc£ 
cycle" program of 94*C for 1 ram, dcnaturalion and 60T* Tory) 
sec annealing and 72*C for 30 tec. extension, 

Y^hcomomnc specific PCR. PCRs (100 ul total reaction 
volume) ce*itatfiing iU> jififo* prepared as described 

for HLA-DQo, except wid* different primers and target DNAs. 
These PCRs contained 1 5 pinole each male DNA**pccific primes 
YI. I and Vl.2*°, arid cither 60 ng male, 00 tig female, 2 ng male, 
or no human 1>NA. Thcrniocyding was W'CTor I min ; and 60^0 
for I min using a "rtcp^yde* program- The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment is d&scribed below. , 
- Anck-spccxfic, human £-gtoMn gc* PGR, AmpUneauons of 
100 fU volume" »stng 0.5 m£/ml of -EtBr were prepared a; 
described for HLA-DQa above except with diffexau primers and 
target DNAs. These PCffc contained either primer pair HGPt/ 
Hp HA <wfld-type gkfcin sr^eeutc primers) or HOPSWipi4S (sjek- 
lc-globin spedfic primers) at 10 pmoJe eiw* pnmcr per PCR, 
These primers were developed by Wu ct aL 2 \ Three different 
target DNA* were used in separate amplification&-^S0 ng eaeu of 
human DNA that was homozygous for the «*cldc trait (5S)» DNA 
that was heterozygous for the sickle trait (AS), or DNA mat vras 
homozygous for the w.t- globm (AA). ThcrmocycBng was for 30 
cycles at *FC for 1 mm. and 55«CCor 1 min. itsu>| o "atep^yefc 
program. An anneaHog temperature o{$5*Ch*$ heen shown Vy 
Wu et al 21 to provide aHdc«pecinc amplineauon* Completed 
PCRs were photngraphed through a red ftter f gn» a jf 
after plaang r the reaction iwbc* WOP a model TM-36 transfflutfi- 
nator (UV-prodvtCtt Sah'Gabricl, CA). 

nuoreseeneemeasiueinett. HuowscetKC rocasuremenw wct< 
mad> oh PCRs containing EtBr in a Iluofolog-2 Aerometer 
(SPEX. Edison. NJ). Excitation was at the 500 imWw* 
ihout 2 ntn bandwidth with a GO 435 ntn ^j^Sf'J^^ 
Grist. Inc. Irvine. CA) to c*chtdc seewid^er light 
Bghl was detected at 570 nm with a bandwidth of about 7 nm. An 
OG 550 »m cut-off Biter was used to remove the exotaoon hgjiu 

ContltHWUA rteoresfsence smHutormg of PCR, Contmoous 
monitoring of a PCR In progress was accompiisbed ustng GjC 
Bpcctrofluoromeicr and setdnga dcscriboa above as weu asa 
fiberoptic accessory (5PEX cat na 1950) to both send «wrtatjoa 
fight to, aod receive emitted light from, a PCR placed m awcttaj 
a model 4W) rhrxmcxydcr (Pcrkin-Elmer Cetus). The probe e^ 



with its cap removett) eiteenveiy seating n- inc .f*Zl 
the PCR tube and the end of the fiberoptic cable were shieWco 
from room Ught and the room lights were kept dimmed dormg 
each run. The rnonkorcd PCR was an amplxncaiion of V-cnro- 
rrK)s6mc^pccifk repeat sequences as ©Ascribed above, accept 
using an anncaKngfectensiOtt cemperaturc of50°C ThcreaCdon 
was covered with mineral oil (2 drops) to prevent evaporation. 
Thermocyding- and fluorescence measurement were started u- 
multancously. A time-base ittti with a 10 second integration tone 
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w a* used And the «nib»Otk Signal was ratiocd to' tbc excitation 
mgdid to control foe changes in Ji$ht-*ourcc intensity. Pata were 
^ccicd using the drD3000f, version 2.5 (SPEX) data system. 

Wc th^rut Bob Joncn for help with the spectrafluormeirie 
(i^jwuremcixts^nd Hcaiherbetl Fong for editing this manuscript. 

1. Multi* K„ Fatoona; F., Sctarf, 9m Saflu. R., Hot, G. and EarBck H. 
)fl86. Specific wwymatic &mpft&catjpn of DNA n» tfjfno; The polymer- 
ajc chafe renccfcrt*. C5W5QB 51:263-273. 

2. Whit*. T.J.. Arnhoim, N. Rdkh, U. A. 19891 The ptfymcratc 
chain redctkm. Trends Genet. £:1SB-1$0. 

3. EHkh, H, A., Gdfand, O. and Snmsty. J. J. 1991 . Recent »<Jvancc* in 
the polrmertae cferiot reaction. Sdence X5* I643-I6S1 . 

4. Saiki. R. IL. GcJfcrtd, D. H„ Stolfet S., Sdwrf. 5, J* HiguAi. SL, 
f)oro. G,T., MuHia* K.B. Erttch. H. A_ !98&. JPrimer-directod 
enzymatic ^unification of DNA w*tfc a thcnn«tabte DNA poJyW' 
t*e.Soence UbM0M91. 

(J. $«ilu. ft,. K., Wabh, P. Levenwtr, C. M. and Erfieh, H, A, 1989. 
Genetic ooaluis of amplified DNA >dch immobilized ^wcncMpcdlk 
n^gonudfSQDdc probe*. Proc Nad. Aowl 8cL USA £6:fi230~6234, 

6. Kwok> S. Y.. Maci. D. H., MuHis, K_ B_ Pwaau B.J., Ehrfich, C. 
BJair. D, And Friedflutn-Kien, A- 5. 1997. Id&utxfotkm cf human 
■mauiikodefideiicy virus «oquenoc* by using m vitro eiuEVittalk ataplt- 
fteation ami oligomer cleavage detection. J. VlroL 61:]6$i}~1094, 

7, ChchM>» F. S\. DnbcTty. M„ Cbt S. P_ Kjn, Y. W., Cooper, S. *nd 
Rubin, K. M, 1987. Detection of *k*fe oeQ anemia and thabfitcmtai. 

Q. Horn, C. tfdurd*, B, and Kliu^T, K. W. I $89, Anplificauon of a 

highly polymorphic VNTft segment the polymerase chain ruction. 

Nuc AcMb R«x. I&SKfcO, 
9. Kctt, K. O- and Dong* M. W. 1991?. Kapwi analysis and pnrifcatioa of 

polymcraK chum raoton-produeu bv Jngt>-pcr fonnanoc liquid cfaro* 
Mcdudows 8t546-6if5, 
1Q. Heteer, D. N_ Cobctv A. S. and Kaxgcr, B. L 1990. Scparaztob of 

PN A rtntrictioci fragment* hy high pcKXbrnianct capilbjy ekxtropbo- 

rob whn Sow ano" zero crouDnted po>jr»cryiamidc Ocitig cotMinunus 

wd pulacd ckaric fidd*. J. CShrotnalojr. 
IK Rwok. 3, Y. smd Higucbt^ R-<?. 1969. Avwdtng ftbw cx»icrre» with 

PGR. Natur* M9i237-J38- 
IS, Ctchab, P. F. and Kan, Y. W. 1989, Dctcoioft of specific DNA 

Koucitcei bv- Auorttcraee ampUBcstfioo: u oobr comptcmccoaUoa 

bwj. rroc. N^tl. Acad. Sd. U5A W:9I7»-9182. 
13. HoDamJ, P. MU Abrarngon, R.D., Wanon. R. af>d Gfctfand, P.H, 



199L Detection of specific polymcnisc chain regction product fav 
^titizinr cbe 6' to ¥ cxonulc&ic actKitv of Thtrttms owtotfm, rlsi? 
polyn»cra*c, Ptoc Nad. Acid. 5d. OSA 88:7276-72^)7 A 
H, Mariov?te,j v R™^B.P. OT d U re«),J. B. 1979. tu^diuw diiacr 

a^^^^sjst^ ° f 

IS. Kapuscinski, J. and Szcr, W. 1975. Interactions of 4'^*j am idmt-9. 
ohayJindok Kkh tyntKctk poiynudcocideat. Nuc Acids Res. 6c55l&- 

la 5caHc M. S. and Embrcy, K.J. 1990. S«tw««fpeciflr kitc^i™ «r 
Kc^cnt 33258 wiib iKe minor groov? of an WtiSwSLi 

Arnhemi, IS. 198a A»np»6carion and anahru of DKA^uin«i7hi 
^ode human sperm and diploid cdb. Naturr S^&Ml^.^ jr? 

Abbott. M.A^Mct^B.J^Bjtoc.B.C. Kwol,S.Y^Sniikv n 
arad ErSdx, H. A. 1988. EiuywcOc gene ampGftcatkra: qualitaiiie ami 

Infect. Dis. 15&i 1.5$. 

aUd, R. H, Buja™, T.U Horn, O-L M\iHb\ K_B. atid ErtiA 
B. A. 1980. Analysis of crocymnlKjUly amplified ^Rfobio Sj mS* 

^16?-^ aDd ^ dfit p^ n^; 

Korin, Dohetty, M- and Ciocbicr; J. 1987. An hnbraVcd 
method for prenatal dtogooaia of genetic 6ms fay anErf 
amplified DNA sapiences. N. End. f. Med, «7:98JU9{to. 01 
21. Wu, D. Y., lleoixpK, U Fftl, B. K. nod Wallace, 108$. 

ipeeiite cnzyiDiUic arnplifieatfon of p^glolnn eeoomic DNA for dbs- 
noiw of rickk cdl anemia. F*oc- Natl Acad. Sd. USA 66£7$7..97fiK 
». Ktiok, Kctlogs, D. E« McRinney, N*> $pas>c D. t Goda, ll liiSI* 
»on,.C and Sojo*Rf . j. J. 1990. £ifc*Uof priHKr-teiripUfc mfamatekJ. 
on ihe pormierafe chain reaction: Human u&txniMdcBci^nrx- 
irpt \ inodcl rruditt. N«. Adck Re*. 18:999-1005, ^ wu * 
S3. Ghou, Q*. Rxi^ea, M» Bitch. D.» Raymonds J : and Bloch, TW. 1992. 
Prevention of pre-PCR jjiis-trrirning and prinxt dixoeii^riou m 
provea Urw-tdpy-nuui bcr ajiipaGcadont; Su^miued. 

24. t^gvchi & 1999. Using FCk (o engineer DNA, p, 61-70 r» pct> 
Ttduiofogy. Hi A. Erbch (EdO. S*ot£ioii Press, New York, N.Y • 

25. Haft; L., Ac*ood; I. DiCe^re, J., Kao. Ficww, £ 

j. F. and W^^W T. 1991. A hi^i^^J^^ 
awtranauctn of the porfnenute chain reaction. Btofccduuqu^ 10tl92- 

26. TutnoKi, N. and Xahao, I- 1989, Fluorescein. ElA screenite of 
raonoctonal aniibodtc* to ocfl surface ant%em. J. ImmuTwfc£ 



18. 



10. 



20. 




IMMUNO BIOLOGICAL LABORATORIES 



SCD-14EUSA 

Trauma, Shock and Sepsis 




The CO- 14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD -14 is a receptor for lipopoiysaccharide 
(LPS) complexed to LPS-8inding-Protein (LBP). The 
concentration of tt$ soluble form is aftered under 
certain pathological conditions. There is evidence for 
an important role of sCO-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections ii seems 
to be a prognostic marker and is therefore of value in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 
soluble CD-14 in human serum, -piasma, cell-culture 
supernatants and other biological fluids. 
Assay features: 12x8 determinations 

(micro8ter strips), 

precoaied with a specific 

monoclonal antibody, 

2x1 hour incubation, 

standard range: 3-96 ng/ml 

detection limit: 1 ng/m! 

CV: intra- and interassay < q% 



For more information call or fax. 
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SIMULTANEOUS AMPLIFICATION AND DETECTION Of 
SPECIFIC DNA SEQUENCES 
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Wc have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open* 
ing the reaction tube* This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PGR- Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification,; which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress, lite Ability to simulta- 
neously ampHfy specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the pot^al benefits ofPCR 1 to c Un- 
kal diagnostics arc weU known 3 - 5 , it is sufl not 
widely used in this setting, even though K « 
font- year* eiuco thcrmoKtablA DNA poWer- 
ase* 4 made PCR practical. Sonic of the reasons for it* slow 
acceptance are high cost, lack of automation of pre. and 
post-PCK processing steps, and false positive resultsjrom 
carryovCT-cOnuminadon, The first two point* arc related 
in that labor is the largest contributor to cost ait the present 
stage of PCR dcvelopmenL Most Current assays requite 
some form of "downstream" processing once thetmocy* 
ding is done in order to determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybridiwtion** gel efe<topbore*is with or 
without useof restriction digesW;* HPU?, or capillary 
electrophoresis 10 . These methods are labor^intensc, have 
low throughput, and arc difficult to automate. The third 
point is abo cloudy related to downstream processing. 
The handling of the FC& product io these dowimrcant 
processes increases the chances that amplified DNA will 
spread through die typing lab, resulting in a risk of 



'carryover" false positives in subsequent testing , # 
These downstream processing steps would be etoti- 
rated if specific amplification and detection of amphficd 
DNA took place simultaneously within an unopened re- 
action vessel Assays m wbkh such different processes take 
place without the need to separate reaction components 
iavc been termed <:bomogeneous\ No truly homogc-. 
neous PCR assay has been demonstrated to date, akhongn 
progress towards this end has been reported. Chehab, et 
al 1 * developed a PCR product detection scheme using 
fluorescent primers that resulted in a fioorcscent PGR 
product Allck-fipedfic primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers uiust still Oe 
removed in a downstream process in order to vtsuahzc the 
result Recently, Holland, et al, 15 , developed anassay^ 
which the endogenous 5 r <;x00Udease assay of Taq DNA 
polymerase was exploited to cleave a bbeic^ oligonucleo- 
tide probe. The probe would only dcave if PCR ainpSfi- 
cation had produced its complementary sequence. In 
order to detect the dcavage products, however, a subse- 
quent process w again needed. 

We have developed a truly homogeneom assay for PGR 
and PGR produa detecdoo based upon tbc greatly in- 
creased fluorescence that ethidiuin btonude and other 
DNA binding dyes exhibit when they are bound .tcvda- 
DNA t4_ie . As oudincd in Figure f r a prototypic PGR 
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1 Principle of simultaneous amplification and detection of . 
PCR product The cwnpbnCTittof a PCRconwinh^ JEi»r Ujat *ro 
fluorescent are Rsied-fctBr itself, EtBr bound toertherssDNA or 
dsJ>N A. There is a large uiwrescencc cnhanccuicflt when EtBr Is 
bound to DNA and bWinjr is greatly enhanced when DNA is 
dcrablc-uranded. After su&dcnt (n) .cydcs of PCR. the.net 
increase in da&NA results in additional EtBr binding, and * net 
increase in total fluorescence: 
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IWttt 2 Gd electrophoresis of PCS. amplification products of the 
human, ttudcar gene, HLA DQti, made in the presence of 
increasing amounts of EtBr (up to 8 M-g/ml). The presence of 
fcujr has bo obvious effect on the yield or specificity of amplifi- 
cation. 



A, 




17 21 25 29 ***** 




HGOXE % (A) Fluorescence measurement* -from PCRs that cocuain 
0.5 ngftnl EtBr and that ate specific for Y-chrotnOiOOTC repeat 
wuience*. Five replicate PCRs were begun confining each of the 
DNAs specified. At 'each indicated cycle, one of the five replicate 
PCRs for each DNA vras rcniovcd from thermocyding and its 
fluorescence measured, Uniu of fluorescence are arbitrary. (B) 
UV photography of FCRtubes (0.5 nil Eppcndorf-ftylc polyprO- 
pykrve micw-eemrifugc *ubcs) contafuin j» reactions, those start- 
ing from 2 ng male DNA And control reactions without any DNA, 
from (A). 



begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase! An amount of 
dsDNA containing the target sequence (target DNA) h 
also typically present This amount can vary, depending 
on the application, from single-eel] amounts of DNA 17 to 
micrograms per PGR*® If EtBr is present the reagents 
that will fluoresce, in order of ircrcasing fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers ami Co the double-stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doubk^hefut)* After the first denaturation cycle, target 
DNA will be largely single-stranded. After a PGR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several micrograms. Formerly free EtBr Is bound to the 
additional dsDNA, resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDN A primer, but because the binding of EtBr to s&DNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small The fluores- 
cence increase can be measured by directing exotadbn 
tUumifiaiion through the walls of the amplication vessel 



before and after, or even continuously during, thennocy- 
cling. 



RESULTS 

PCR in the presence of EtBr. In order to' assets the 
affect of EtBr in PGR, amptt&cations of the human Hl«A 
DQa gene* 9 were performed with the dye present at 
concentrations from 0,06 to 8.0 ugfrnl (a typical concen- 
tration of EtBr used in seaming of nuckk aods foUowing 
get electrophoresis is 0.5 u,g/mf). As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PGR, 

Detection of human Y-chromcwroc specific st> 
«ptences- Sequenre-spcafic., fluorescence enhancement of 
EtBr as a result of PGR was demonstrated in a scries of 
amplifications containing 0,5 u-g/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc^- These FGRs initially contained cither 
60 ng male, 60 ng female, 2 ng mak human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
17, 21 » 24 and 29 cycles of thermocyding, a FCR for each 
DNA was removed from the thermoeyder, and its fluo- 
rescence measured in a spectrofinorometer and plotted 
vs. amplification cyde number (Fig. 3 A), The shape of this 
curve reSccts the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain* 
iag human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA, The more male DNA 
present to begin with— 60 ng versus 2 ng— the fewer 
eyries were needed to give a detectable increase in fluo- 
rescence. Gel electrophoresis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected skc were made in the male DNA containing 
reactions and that Hide DN A synthesis took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
trarisiUumiriatOT and photographing them through a red' 
filter. This is shown in figure 3B lor the reactions thai 
began whh 2 ng male DNA and those with no DNA* 

Detection of specific allele* of the human fl-globin 
gene. In order to demonstrate that this approach has 
adequate speciBdty to genetic screening* a detection 
of the siclde-cdu anemia mutation was performed Figure 
4 shows the fluorescence from completed ampMtcaticm* 

containing EtBr (0.5 i*g*ml) a* dettcUd by photography 
of the reaction tubes on a UV trapsilluminaior. These 
reactions were performed using primers specific for ci* 
ther the. wild-type or skkk-cell mutation of the human 
^lobin gene**. The specifldty for each allele is imparted 
by placing the sickie-umtation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer exteJJsion— and thus am- 
plio-caiion— can take place only if the $' nucleotide of 
primer is complementary to the p^Jobin allele prcficny 5 ^- 
Each pair of amplifications shown in Figure 4 consisu of 
a reaction with etcher the wild Hype allele spedfk (left 
tube) or skkloaUele specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type p-giobin individual (AA); from a heterozygous 
sickle p-globin individual (AS); and from a homozygous 
sickle p-$obio individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was aiwtytcd in triplicate (3 pain 
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fl f reactions each). The DNA type vas reflected in the 
Ljatrve fluorescence intensities in each pair of competed 
l^ltf cations. There was a significant increase in fluores- 
Ijioe only where a ^gtobin allele DNA matched the 
orimcr net. When measured on a spcctroflporonietcr 
{data not shown), this fluorescence vras about three times 
j^t present in a PGR where both p-pobm alleles were 
nibmatchcd to the primer set. Gel electrophoresis (not 
uptown) established that thin increase in fluorescence was 
due w die syntheds of nearly a microgram of a DNA 
fragment of the expected size for p^lobin. There was 
fade synthesis of dsDNA in reactions in. which the aflete- 
spedne primer was mismatched to both alleles. 

Contimiova nnmitoriag of a PCR. Using a fiber optic 
devieerk is possible to direct excitation illumination from 
? spectrofluorometer to a PGR undergoing thcrmocyding 
and ta return its fluorescence to the Kpectrofttiorometer. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBiMX>ntaining amplification of Y<hromo~ 
w mc speciGc sequences from 25 ng of human mate *>NA« 
is shown in Figure 5. The readout from a control PCR 
*Hh no target DNA is also shown. Thirty cycles of PCR 
were monitored for each, 

The fluorescence trace as a function of time clearly 
shows the effect of the therrnocyding. Fluorescence inten- 
sity rises and . fails uivcrsdy with temperature* The fluo- 
rescence intensity is minimum at the denaturation ten> 
pen, tore (<M°C) and rnaxirnurn at the annealin ^extension 
temperature (SOX). In the negaiive-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbcroocydes, indicating that there is 
ftdc dsDNA synthesis without the appropriate target 
DNA, and there is litde if any Wca^hing of EtBr during 
the continuous illumination of the sample. 

Jn the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase al about 4000 seconds" of therxnocyding, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable leveL Note that the fluo- 
rescence minima at the denaturatioo temperature do not 
significantly increase* presumably because at this temper- 
ature there is no d&DNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluorcs-. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel 1 ck**ropbo- 
rcpis showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample* 

DISCUSSION 

Downstream processes such as hybndizanon to a se- 
quencenspednc probe can enhance die specificity of DNA 
deteuauu bv PCR. The «Hinii»t»on o*" these processes 
means that* the specificity of this homogeneous assay 
depends solely on that of FCtL In the case of sickle-cell 
disease, we have shown that PGR alone has sufficient DNA 
sequence specificity to permit genctk screening. Using 
appropriate amplification conditions, there is liwic non- 
specific production of dsDNA in the absence of the 
appropriate target alkie. 

The spedfidty required to detect pathogens can be 
more or less than that required* to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cells*. Compared with genetic 
screening, which is performed on ceils containing at least 
one copy of die target sequence HIV :detectiqn requires 
both more specificity and the input of more total 
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fKQSI 4 UV photography of PCR tubes containing funpWkmioni 
using EtBr that are specific to wiWkype (A) or licWe (S) atldesof 
the (nmwn 0-riobin gene. The left of each p^rc^ tubes contauw 
4Bd*$pedBe primer* to the wild-type afldes, the ngh! tube 
primers to the sicWe attele- The photograph taten after 30 
cycles of PCR, and the input DNAs and the attdesthev contain 
are indicated, fifty tog of DNA was used to bepn PGR Typing 
was done in triplicate (3 pair* of PGfc) for each input DNA: 



25°C 



20r>g of male DNA 



25 C 




94 C 




2000 



8000 



4000 6000 
time (sec) 

mm S Continuous, real-rime morutormg of a PCR. A Sbcroptk 
was wd to carry otdution light to s PUR m progrwsand afco 
emitted light back to a fluoromctcr (sec Exoenmcntal ^ocoj). 
Amplificadon ittiog human m^DNA specific pnrocn in a PCR 
starting with 20 ng of human nude DNA (top), or m x control 
PCR without DNA (bouom), were monitored, Thutvcydes of 
PCR were followed for each. The temperature Cycled between 
94*C (det^turaticm) and MFC (annealing and extcusKra), Kotr m 
the male DNA PCR, the cycle (time) dependent increase in 
ftWescence at the aoiieafi^extenaUra temperature. 
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DNA — up to microgram amount»~Hii order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DNA tn an amplification signifeutly increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets in tow 
copy-number is the formation of the ^rimer-dimer" 
artifact This is the result of the extension of one primer 
using the other primer as a teiopJate, Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PGR targets if those targets are rare. The primer- 
dimcr product w of course dsDNA and thus is a potential 
source of false signal in this homogeneous o*$ay. 

To increase FCR specificity and reduce the effect of 
prirner-diincT antplifkatxoo, we are investigating a num- 
ber of approaches, including the use of nested-primer 
ainpttncaaonft that take place in a single tube*, and the 
"hot-start", in which nonspecific amplification t& reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 45 . Prefiminary resuks using these ap- 
proaches suggest that pruncrsiimcr is effectively reduced 
and it is possible to detect the increase in Etfir fluores- 
cence in a PGR instigated by a single HIV genome in a 
baclujrOutid of 10* celts. With larger numbcra of ccH.% the 
background fluorescence contributed by genomic DNA 
becomes problematic. To. reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorrjorating the dye-binding DNA 
sequence into the PCR product through a 5' "add-on" to 
the ohronodcotidc primer* 4 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-conuining PCR is straightforward, 
both once PCR is completed and continuously during 
uSerruocyding. The ease with which automation of spe- 
ciik DNA detection can be accomplished is the most 
promising aspect of this Assay. The Huorescence analysis 
of completed PCRs is aircadypossiblc with existing instru- 
mentation in 96-well format**. In this formal; the fluores- 
cence in each PCR can be ovantitated before, after* and 
even at selected points during therrhocyciitig by moving 
the rack of PCRs to a 96-rmerowcll plate fluorescence 
reader* 0 . t 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple flberopdes transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during VCR a fluorescence increase is detected. Prelimi- 
nary experiments <Biguehi and Dotlinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known— ^ it can be in genetic screening-rcontinuous 
monitoring may provide a means pf detecting fabc posi- 
tive and false negative rc$u|u>. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
resuks due to, for example,. inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a -large number of cy- 
cles — many more than arc necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
after this many cycles, inhibition may be suspected. Since, 
to this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important, in any event, before any test based on this 
principle is ready for the clinic, an assessment of its false 
positive/false negative rates wfll need to be obtained using 
a large number of known samples. 

In summary, tn £ inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in apportions that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL . ^ 

Hunan HLA-DQa gen* *oipHRoUicna containing EtBr. 
PCRs were set up ml 00 (U volumes containing 1 0 mM Tns-HCK 
pH 8.3; 50 tnM KCI; 4 roM MgCV « units of Taa DNA 
polymerase (IVrltiiuEhncr Genu, Norwalk, CT); 20 ornate each 
of human HtA-DQ* " gene specific oligonucleodde primers 
GH26 and CH27 19 and approaoniately 10* copies of DQfc PCfc 
product diluted from a previous radian. Ethidium bromide 
(Et Br; SigtiuO was used at we cpnoentrations .indicated in figure 
2. Thcrmocyding proceeded for 20 cycles in a model 4£0 
ihcrmocydcr <Perkn>EJmer Ccw, Norwalk, CT) ustnga "sfcep- 
cycJc" program <?f 94*C for 1 miiL deuaturation and 60HT- WW 
sec anncaSng and 72°C for 30 sec e*iensto». 

Y-chromowrac specific PCR. PCRi <t00 ul total rcacuon 
volume) co ntaini ng J)J5 pgfari JEtBr were prepared as described 
For HLA-DQa, except vim different primers and target DNAs. 
These PCRs contained 1 5 pmok: each male DN A-spccifjC pnweh 
VI.) and Vl.2*°, and either 60 ng male, 60 oefemale, Sngmak. 
or no human IXNA. Thermocycling was W^CTor I min, and WC 
for 1 min using a Vcp-cyde* proCTam- The number of cycles for 
a sample were as indicated in figure 3. Fluorescence measurc- 
inent is described bchnv. ^ h 

AUdc-spccoic, human gen* PCR, AmpUficauons of 

100 pi volume' using 0 5 H&Anl of £tBr were prepared a; 
described for HLA-DQ* above except with different primers and 
target DNAs. These PCRs comained either, pnmcr pair HGP2/ 
H#4A <wiWHype tfobin specmc primcss) or HGr2/H|N4S 
le-giobin speeffic primers) at 10 pmcJe e*ch primer per PCR. 
Tnese primers were developed by Wu ct aL 2 \ Three different 
target DNA* were used in separate amplifications— 50 «g eacb of 
human DNA that was homozygous for the sickle trail (5S)» DNA 
that was hrterurygous for the StdUe trait <A$)> or DNA that was 
homotrgow for the W.U gJobin CAA). Thcrrnocycfirig was for 30 
cycles at *TC for 1 min. and 55*Cfor 1 min. itswf "stcp-cycte 
program. An annealing temperature o{$5°Ch*<X heco shown try 
Wu et al Si to provide, aliclc^pcrinc awpiitouon- Cc>mp[cted 
PCRs were photographed through a red fitter (Wrattejr23A) 
after placing the reaction tubes atop a model TM-36 tmnsfflufni- 
nator <UV-productS San- Gabriel, CA>. 

Fluorescence measnrement. Ftworejceuce nwasurcraenw wet* 
mad* oh PCRs containing EtBr in a Fltiorolog-2 GtioromCtcr 
(SFEX, Edison, NJ). Station was at the 500 nm band ^ 
about 2 nm bandwidth with » GO nm cut-off fiher jMe^ 
Grist Inc.* Irvine. CA) to exdudc scevnd^er light. E^iu^ 
yght was detected at 570 nm with a bandvfidth^f about 7 nnv. An 
OO 530 nm cut-off BJtcr was used to remove the cacotaooo hgnt. 

CoxititaiouA fluorescence xnouhoring of FCR, Co»unvou<. 
monitoring of a tCR in prOfirew was accompiubed using eiC 
spectt-ofluorometer and JCtungu described above as well a* a 



fiWoptk accessory (SrXX caL no. 1950) to both send exatauou 
fight t£, aod receive emitted Ught from, a PCR placed in a well of 
a model 480 wtrmocydcr (Pcrkm-Elmer Cetus). The probe end 



of the fiberoptic cable was attached with "5 owutc-cpoxy to twe 
open top of a PCR tube (a 0,5 ml polvpropyienc centnfiajc rube 
with it$ cap removed) effectively acahng k. The c*pwd top 
the PCR tube and the cud of the fiberoptic caWe were shieWed 
from room light and the roott tight* were kept dimmed durmg 
each rui». The rnonisorcd PCR was an amplication of V-cdto- 
rnosornc-spcdrk repeat sccjvences as descrihed above, except 
uwnff an anncaHngfextenikm wtxrperftuirc of 50°C The reaction 
was covered with wuseral oil (2 drops) to prevcitt evaporauon- 
Thcrnjocycfin^ and fluorescence measurement verc started Si- 
multaneously . A tunc^basc scan with a 10 second kitegrabOP tone 
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wM uwsd and the *tnb«on signal was ratfocd to' tbc excitation 
signal to control for changes in li$ht-»o*ircc imcrurity. Ifrta were 
^icd^d using the dm3W0f, version 2.5 (SFEX) data system. 
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IMMUNO BIOLOGICAL LABOBATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopolysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concentration of Its soluble form is aftered under 
certain pathological conditions. There is evidence for 
an Important rale of $CD-14.with polytrauma, sepsis, 
burning$ and jntemmsrtions. 
During septic conditions and acute infections it seems 
to be a prognostic martyr and is therefore of value In 
fnonftoring these patients. 



1BL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-cufture 

superoetants and other biological fluids. 

Assay features: 12x8 determinations 
(micra8ter strips), 
precoajed with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3 - 96 ng/mi 
detection limit: 1 ng/mi 
CV:intra- and interassay < 8% 



For more information caU or fax. 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J, Ltvak, Susan J. A. Flood, Jeffrey Marmsro, William Gtusti, and Karin Deetz 
Perkln-Clmcr, Applied Utosystcms Division, Foster City, California 94404 



: The 5' tiucleatft PCR a tray datnetc the 
( Accumulation of specific PCR product 
' by hybridization and cleavage of o 
double-labeled fiuorogertlc probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
- both a reporter fluorescent dye and o 
quencher dye attached. An Increase 
In reporter fluorescence In ten city In- 
dlcotes that the probe has hybridized 
to the target PCR product and hm% 
< be«n cleaved by th«.5*-*3' nude- 
o lytic activity of Taq DNA polymerase. 
In this study, probes with the 

• quencher dy« attached to an Internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3 '-end nucleotide. In all 

1 cases, the reporter dye wat attached 
to the 5' end. All Intact probes 
thawed quenching of the reporter 
fluorescence. In general, probes with 

• the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes* It Is 
proposed that the larger signal Is 
caused by Increased likelihood »f 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strend during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase In reporter fluorescence 
Intensity when hybridised to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as' homogeneous hybrldlza- 



#*\ homogeneous auxay for detecting 
II «• Hcvutriuiatiui] of specific IHJR prod- 
uct that uw$ a double-labeled fluoro* 
genie probe was described by Lee et al, 11} 
The assay exploits the 5' - > 3' nude- 
olyllc activity of Taq DNA poly* 
meiase* 7 ' 11 mid Is diagramed in l ; lgure 1. 
The fluoiogtnlc [uxjlu; eousist? of an oli- 
gonucleotide wiili |i reporter fluorescent 
dye, *u\\\ a* a fluorescein, attached to 
the 5' end; and u quencher dye, such as a 
rhodaminc, Attached internally, When 
the fluorescein is excited by Irradiation, 
lis fluorescent emission will he 
quenched if the iliinluiiiinc b close 
enough to be excited through the pro- 
cess of fluoresce m.v energy trans! er 
(l-l'l')."^ During PCK, If the probe U hy- 
hridized to a template shaiid, Taq DMA 
polymerase will cleave the probe be- 
cause of Its Inherent 5' 3* nudeolytic 
activity. If the d e.avagc occurs between 
the fluorescein and rhodaminc dyes, it 
causes an increase in fluotcswiii fluores- 
cence intensity because the fluorescein 
is no longer quenched. The Increase in 
fluorescein fluorescence. Intensity hull* 
eatcs thai the probe-specific I'CR product 
has bi^ici gerieriited. Thus, PET between a 
lepuiiei dye and a quencher dye Is criti- 
cal to the performance of I lie- piube 111 
liiC 5' uuile<i5c PCR tt.v*«y. 

Quenching is completely dependent 
on the phyxic&l proximity of the two 
dyes/' 0 Because of this, il has lieun as- 
sumed that the quencher dye mu»l be 
attached neSJ the 5' end. Surprisingly, 
we have found that attaching a rho- 
daniiite dye at the 3' end of a piolm 



r*CH assay. tarihermore, cleavage of this 
type of pmhe is not required to achieve, 
some reduction In quenching., Oligonu- 
cleotides with a reporter dye on the V 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when douDle-stranded as com- 
pared with single-stranded. This should 
make it passible to use this type of dou- 
ble* labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 

Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used In this 
study. Linker arm nucleotide. (LAN) 
phoaphoramidlic was obtained from 
GJcn Research. The standard i)NA phos- 
phors nidi tcs, 6-carboxy fluorescein (6- 
FAM) phosphorauiidite, n-carboxytet- 
rarncthylrhodamlne sucdnlmldyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a H' "blocking phosphate, 
were oDtalncd from Pe.rkln-Eliner, Ap- 
plied htosyslems Division, oiigoouclc- 
otide synthesis was performed using an 
ABI model 394 dna synthesiser ^Applied 
Diosysterns). Pnmer and complement 
oligonucleotides were purified using 
Ollgu Purification Cartridges (Applied 
Blosyslctus)* Uimblc-tuhv.If.d pmbcs were 
.fymhesfred with o-MM* labeled phov, 
plioioiciiililc at Hit ,S' itf»d» IAN repluclllg 

one of tbeTs In the sequence, and Phos- 
phalink at the 3 1 end. Following de- 
piuteetloii- aoil ctluuiol precipitation^ 
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FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of ine 5' «♦ 3' micleotytk* ac- 
tivity of Taq UNA polymerase acting on a ftuoruKenic probe durliiK one extension phase nf I'CK, 



niM Na-blcarbontuc buffer <pll 9.0) at 
room temperature. Uiucactcd dye wo* 

icmuvej by j>aa»agc ovci a I'D*10 Scphtl" 

dcx column. Finally, Iho double-labeled 
probe was purified by preparative hi^h- 
performance liquid chromatography 
(lim:) usin 8 an Aquaporc CJ K 22/1x4.6- 
mm column with 7^m particle size. The 
column wit developed with a 24*mln 
linear gradient of 6-20% ucctonltrlh: in 
0,5 m TEAA (tricthylamlne acetate). 
I'robes are named hy designating the se- 
quence from Tabic 1 and the position oX 
the 1AN-TAMRA moiety* Vot example, 
probe A3 -7 has sequence Al with fAN— 
TAMKA at nucleotide position 7 from the. 
5' end. 



PCR Sjrucim 

All PCR amplifications were performed 
in the Perkin-Elmcr GcncAmp PCR Sys- 
tem using MVuJ reactions thai con- 
tained 10 mM Tris-HCl (pll bVi), 50 him 
KG, 200 fiM dAiV, 200 |xm dC-TP, 200 \HA 
dCtTV, 400 jtw dUTP, 0.5 unit of AmpEr- 
ase uracil N-glycosylase (PcrJcin*Elmer), 



gene (nucleotides 2141-2435 in the xe» 
quence of Naka|lma-Il|lma et al.) (7J was 
amplified usinft pi inter* AI'P and ARP 
(Table 1), which are modified slightly 
from Ihose of du Brcull et «l, (fl) Actln am- 
plification reactions contained 4 dim 
M^CI^ 20 ng of human genomic 1>NA, 
50 nM Al or A3 probe, and 300 nM each 



TABLE 1 Sequences of Oligonucleotide* 



primer. The thermal regimen was S0V. 
(2 mln), O.W (10 mln), 40 cycles of 95°C 
(20 sec), 60*C (1 mln), and hold at 72*C. 
A 515-bfY xegnierit was amplified from a 
piasrnld that consists ol a segment ol X 
UNA (nucleotide* 32,2^0-32,747) in- 
serted in the SVwl situ of vector pUCl 19. 
nwso reactions votitulmtd S.S him 
M^CI^, 1 ng of plusmid UNA, SO riM r*2or 
PS probe, 200 nw primer FU9, and 200 
iiM piuiiei R119. The thermal rcRlmcn 
wa» SOX C2 mln), 95*C (10 mln), 25 cy- 
cle* Of 9$ a C (20 »cc), 57%: U mln), ftnO 
hold at 72>C, 



Flunm^cencc Detection 

Hor each amplification reaction, a 40-ijlI 
aliquot of a sample was transferred to an 
Individual well of a white, 96. wall micro* 
titer plate (Perkln-lllmer). Fluorescence 
waa measured on the J'crlcln-Eimer Taq* 
Man LS-SOU System, which consists of 4 
luminescence* tpoctrom«Mcr with plate 
reader u4cmbry, a. 4B5*nm excitation ill* . 
ler, and a5l5-nm emission filler. Exclta* 
tion was at 488 mn using a Vnm slit 
width. Emission was measured at 518 

nm for 6-VAM (the. reporter or TK value) 
and Sfc2 nm for TAMltA (the quencher or 
Q value) using a U>-nm silt width. To 
determine the inncasc in icpoilei emb- 
roil that 1m caused by cleavage of the 
probe during PCR, three norm alba*! Ions 
are applied lo the raw emission data, 
first, emission Lutcnsliy of a buffei blank 
is subtracted for each wavelength. Sec- 
ond, emission Intensity of the reporter h 



Name 


lyjie 


P1X9 


primer 


KU9 


prlmvT 


pa 


l>robi* 


?2c: 


complement 


PS 


probe 


T5C 


cainploiiiciit 


AKP 


primer 


ARr 


primer 


Al 


probe 


Mfi 


complement 


A3 




A3r. 


cunipleiueut 



.Sequence*. 



ACCCACAOOAACn-CAl CACCACTC 

A*ixrrcucxrrrccoacrcA<:crincTi cjc 

*l CGCA*JXACi'0 Al'CCriXJCCAACCACTp 

CTACrCGTrCCCAACCJATCAdTAATOCOATC 

CUOAlTlGClXiO'rArClAIX^AACCATp 

rir^TccrnrrcATACAi acxiaocaaaj ccc 

TCACCCACACTGTGCCCATCTACOA 
CAOUiOAAt it XfCI CAT RiCCAATGCj 
ATOCCC ICCCCCATG CCAlCCroOOTp 

A7L\t:t:tiita;A'ix;cIt^Tt;t;c:c:t:A<;(;Tx^'rAC 

CGCCCTGGACl'rCCAOCAACEA0AV(i 
CrATrTCTTOCTCOAAGTCTAnOGCGAC 



For each oligonucleotide used In tills ituny, the nucleic add sequence to glvcii, written in the 
5' > 3* direction. Tbeie are three types of oligonucleotide^; TCR pilmer. iluorogenic probe used 

H0HH Z0S6 091 6^6 XVd IS^T 2002/S0/2T 



From : BML 



PHONE No. : 310 472 0905 



Dec. 05 2002 12: 16fl1 P05 



WIIIResearch 



Arc 
•vr. 
IT. 
m -a 

:»r x 

in. 

119. 

(TIM 

tor 
200 
ncn 
c y - 
and 



* .in 
-To- 
rt Cy 
"aq- 
Jf a 
lute 

fll- 

ita- 
siu 
5w 

up) 
for 
10 
lb* 
i'.u* 

JUS 
!U. 

mk 
■ec- 
r Is 



A1 -7 lUTCCCCOcCCCC^TCAW.'A'iXVJt'^-ix. 
A 1 -26 Jbvi CCC^^ce^AV^OA'jV^rc^-cOj* 



Prab* 


G18 nm 


682 nm 


no- 


RT>* 


AfiO 






« i»mp. 


no Umfx 


* (#mp. 








A1-2 - 


26.5 d. 2.1 


32.7 * 1.0 


33.2 it 3.0 


38-0 4 2-0 


ox?* o.oi 


0.60 i o&a 


0.10 d 0.06* 


A1>7 


03.0 ± 4.3 


306,1*21,4 










3J»*0.I& 


A1-14 


127.0 


403.3* IS.1 


100.7±&.3 


03.1 J 6.3 


MS 4 0.02 


4.3440.15 


3.184 0.1$ 


A1-19 


107.5* 17,© 


«K>.7;f 7.7 


70.3 * 7.4 


79.0 a 9,0 


3.67 J 0.06 


6.00 4 0,16 


9.13 3 0.16 


A1-22 


224.C j 0.4 


40C.L > ±43.8 


100,0 i 4.0 




fi.2GiO.03 


S.OC 10,11 


C.77 10.12 


A 1-28 


160.2 J 0.3 


4^.11 1B.4 


* !M 


w./ ± 




b.UI ± U.U8 





FIGURE 2 R«ulli of 5* nuclratr iwy «o*H ( >ariiig p-a<?Urt pr*bcl with TAMRA at different nude 
otUU portions. As descrlhod In Materials and Methods, wjt wnplfftcatlons containing the in- 
dicated probe* wrre performed, and the fluorescence emission wa* measured »< 518 and 582 nm. 
Reported values arc the average*! s.Oi for tlx reactions run without added template (no temp.) 
anil six reacilons run with template (-1 temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported kQ" ditd HQ 1 values. 



divided by the emission intensity of the 
quencher to give an . RQ ratio fur each 
reaction tube. Tills normalizes tor well- 
to-weil variations in probe concentra- 
tion and fluorescence measurement, vu 
> nally, ARQ is calculated by subtracting 
the KQ value of the no- template control 
(RQ**) rrom the RQ value ior the win- 
plctc reaction including template 
(RQ"). 

RESULTS 

A senes of probes with increasing dis- 
tances Derween the fluorescein reportci 
and rhodamlnc quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease 1'CR as- 
say. Tnese probes hybridize to a target 



.sequence in the human p-octin gene. 
FJfcuic 2 shows the results of an experi- 
ment in which these probes were In- 
cluded in PCR that amplified a segment 
of the £-in1lu geim containing the Uigct 
Sequence. Peifoiuiance hi the 5' nu- 
clease PGR assay Is monitored 1>y the 
magnitude of AKQ, which lya measure 
of the Increase In reporter nuorocence 
i*uacd by PCR amplification of the 
probe target, Probe Al-2 lini n ARCi value 
that is close to r.ero. Indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. Tli lis aug- 
gc»U that with Ihc ^ucn^her dye on the 
sceund nucleotide from the .V end, there 
Is insufficient loum lot Tatj polymerase 
to cleave efficiently between the reporter 
and quencliei. The other five probes ex- 
hibited comparable AKQ values thai are 



clearly different from r.cro. Thus, ull five 
probes am hefng cleaved during air- 
plifjuuluii i»ultiiiK in a similar Increase 
In J courier fluoieswuice. It should be 
noted that complete digestion of a probe 
produces a much larger Increase in re- 
porter fluorescence Uun that observed 
In Plgure 2 (data not shown). Thus, even 
In reactions where amplification occurs, 
the. majority of probe molecules remain 
uiiclcaved. It is mainly Tor this reason 
that the fluorescence intensity of the 
quencher dye TAMKA channel llillc with 
ampHflcatlon nf the targei. This Is whal 

allows us to use the 582-nm fluorescence 
reading as a normaHxntton factor. 

The magnihinV of UQ" d<*pr»nrte 
mainly on the quenching efficiency in- 
herent in the. specific .strucrure ol the 
probe and the purity of the oligonucle- 
otide. Thus, the larger HQ" values hidl« 
cate that prooes AM4, AJ-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with AW, 51111, the degree 
of quenching Is sufficient to detect a 
highly significant increase In reporter 
fluorescence when each of these prober 
ia cleaved during PCR. 

To further investigate the ability of 
TAMKA on the 3' end to quench G-PAM 
on the 5' end, three addilional pairs of 
probes were tested in the 5' nuclease 
PCR assay. Foi each pair, one pfobc h&4 
TAMRA attached to nn internal nude- 
uiUlt ttiid the othei has TAMRA attached 
to the V end nucleotide, The results arc 
shown In Tabic fc. her oil three sets, the 
probe with the 3' quencher exhibits u 
&RQ value thai Is considerably hifthtti 
Uian for the probe with the inicrnaJ 
quencher, The HQ* values suggest thnl 
differences In quenching are not as grr.ut 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



x; 

AC 



the 

the 
fill. 



TABLE 2 Results of S' Nuclease Assay Comparing Probo with TAMRA Attached to an Internal or 3'-tcrminul Nucleotide 



618 nm 



5fl2 nm 



Probe 


no temp. 


+ temp. 


HO Lcuip. 


4 lemp. 


HQ 


A<V 


AKU, 


A3-6 
AJ-24 


54.6 2. 3.2 
72.1 ± 2.9 


84,8 z :i.7 
236.5 a. U.l 


116.2^6.4 
M.2 * 4,0 


n*i.6 J. 2.5 
90.2 a. 3.8 


0,47^ 0.02 
0.86 J- 0.02 


0.73 a. 0,OH 
2.62 t COS 


U.26 ± 0.UA 
1.76 ii0.0S 


P2-7 
1*2-27 


S2.B 2- 4.4 
113.4 2:6.6 


3B4.0 ± 34.1 
555.4 ± 14-1 


IDS.) X 6.4 
140.7 + 8.3 


120.4 * 10.2 
118.7 2:4.8 


0.79 l 0.02 
G\S1 ± 0.01 


3.19 * 0,16 
4.68 ± 0.10 


2.40 * 0,16 
3.88 t 0.10 


i'5-10 
PS-28 


77^ ± 6J5 
64.0 JL S.2 


244,4 * 15.* 
333.6 ± 12.1 


86.7 i 4,3 
KX1.6 * 6J 


9S.8 * 6.7 
94.7 = 6.3 


0.89 a 0,0$ 
0.63 ± 0.02 


2.55 ?. 0.06 
3.53 * 0.12 


1.66 ± 0.08 
289 i 0.13 



no® 



*_* — k-uu ^K* t>t*x~~ .nrt i-iifii bulons were performed its described In Material «tid Method* «nd in the legend te Wg. 2. 
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fluorescence of a reporter dye on the S* 
cud. The degree of quenching is suffi* 
cionl for Oiitt type of oligonucleotide to 
be used as a probe in the V nucleate PGR 
assay. 

To test the hypothesis thai quenching 
by a .V TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
mca*uiad fur probes t in the single- 
stranded and double stranded states. Tft- 
bl*> 3 reporU Gie fluorescence observed 
at S18 and 582 nm. The relative degree 
of quenching Is assessed by calculating 
the RQ ratio. )ktr probes With TAMRA 
tf-JO nucleotides from the S' end, there 
Is little difference In the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in HQ. We 
propose that this loss of quenching is 
caused by the rigid Structure of double* 
Stranded ONA, which prevents the 5' 
and 3 f ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there Is a marked Mg 2 ' effect on 
quench in r. Figure 3 shows a plot of ob- 
served HQ values for the A] series of 
probes as a function of Mg 2,1 concentra- 
tion. With TAMRA attached near the 5 ; 
end (prohe A 1-2 or Al-7), the kCl value at 
0 him Mg 2 " is only Slightly higher than 
RQ at 10 inw M«* ' • I'or probes AM9, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg ? 4 are very hij<h, Indicating a much 



roduced quenching efficiency. For each 
of these probes, theie 1st a marked de- 
crease in HQ at 1 mM Mg* * followed by 
u gradual decline as the Mg* 1 wmccn- 
trution increases to 10 mM, Piuue Al-14 
showa mi intermediate RQ value at 0 mw 
M$ 94 with m gradual decline ai hlgncr 
Mr 7 - 4 coiKcuuatlmis. In a low-salt en- 
vironment with no Mg a " present, a sin- 
glc-idranded oJl^onuclefUlOe would be 
expected to adopt an extruded eonfor- 
mat ion because of electrostatic repul- 
sion. The binding of Mg a+ ions acts io 
shield the negative charge of the phos- 
phate, backbone so that the Oligonucle- 
otide can adopt conformations where 
the ;V end is close to the 5' end. There- 
fore, the observed Mg z ' effects support 
the notion that quenching ot a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends Oil the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

Thr striking finding of this study is that 
it wcrns the rhodamlne dye TAMKA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein «H\AM) placed at 
the 5' end. This Implies that a single- 
stranded, double-labeled oligonucle- 
otide must he able to adopt conforma- 
tions where the TAMRA is close to the S* 
end. It should he noted that the decay of 
6-l'AM In the excited state requires a cer- 
tain amount of time. Therefore, what 



TABIC 3 Comparison ot PIuoicacokc Emi^iuus uf Mlnj;U:-srrttndCCl and 
Double- branded Fluorogenlc Probe:* 



518 nm 



582 nm 



RQ 



Pml«- 


»9 


ds 


*» 


Us 




<ls 


Al-7 


27.75 


68.53 


61.08 


1 .18.1 ft 


0.45 


0.50 


A 1-26 


43.31 


509.38 


53.50 


93.86 


0.81 




A3«6 


16.7S 


62.88 


39.33 


165.57 


0.43 


0.38 


A.V24 


30.05 


578.(14 


67.77. 


140.25 


0.4$ 


3.21 


P2-7 


35.02 


70.13 


54.63 


123.U9 


0.64 


0.58 


P2-27 


39.89 


320.47 


65.10 


61.13 


0*61 


S.25 


l'S-10 


27.34 


144.85 


61,$>5 


165.54 


<M4 


U.H7 




33.65 




?2.#> 


KM.61 


0.46 


4.43 



(ss) Single stranded, 'I "he fluorescence emissions at 538 or 582 nin for solutions containing a final 
concentration of 50 nM indicated probe. 10 uim Tris-na (pH 8.3). SO dim KC1. and 10 mM MgOl*. 
(ds) Double-stranded. 'rh« solutions contained, In addition, 100 iim A1C fc>T probe* Al-7 and 
A)-26. 100 im A3C for probes A3-6 and A3-24. 100 HM P2C for piolws fZ-7 and or 100 nM 

TSC for probes and P6-2«. »cforc mc addMfon of MjcCIi, J 20 m-1 of each sample was Heated 



20S8 



matter* for auciicliing l.% not die average 
distance between 6*1*AM and TAMRA 
but, rather, how close TAMKA can get lo 
6-MM during die lifenme of the 6-KAM 
excited state. As long as the decay time of 
the excited stale IS relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-rAM at the V end because TAMRA is in 
proximity to fi-KAM often enough lo be 
able to accept energy transfer from an 
excited &PAM. 

Details of the fluorescence measure- 
ments remain pu2Zllng. For example, Ta- 
ble 3 shows that hybridisation of probes 
Al-26, A3-24, and PS-28 to their comple- 
mentary strands nor only causes a larfjc 
increase in 6-FAM fluorescence at 51 o 
run but also causes a modest Increase in 
TAMKA fluorescence at S8Z nm. If 
TAMKA Is being excircd by energy trans- 
fer from quenched 6-l ; AM, then loss of 
quenching attributable to hybridization 
should cause a decrease In the fluores- 
cence emission of TAMRA. the fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation Is 
more complex. Kor example, we have an» 
ecdmai evidence that the bases of The 
oligonucleotide, especially Ci, quench 
the. fluorescence of both (5-FAM and 
TAMRA to some degree. When double* 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-1- AM in an intact probe is the. TAMRA 
dyo„ Hyidcncc for the Important* of 
TAMRA is thai 6 KAM flucmacence 
rcmnlns reltiUvely unchanged when 
probe* labeled only with 6-I : AM are used 
In tile 5' nuclease l'CR assay (data not 
shown). Secondary effectors of fluorev 
cence, both before and aflei cleavage of 
the probe, need to be explored further. 

Regardless of the physicaJ mocha* 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the S' nuclease 
TCR assay. There are three main factors 
that determine the performance of a 
double- labeled fluorescent probe In Uic 
i>* nuclease 1*CU assay. The first factor Is 
the degree Of quenching observed In the 
intact probe. Tllb Is characterized by the 
vhIxk' of RQ' , which is the ratio of re- 
port cr lo quencher fluorescent cmis 
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FIGURE 3 Kfteel &( Mg* 15 eonc&nt ration on RQ ratio for the Al scrie* of proles. The fluorvn'f nee 
emission Intensity al 518 and 582 nm was measured for solutions containing 50 nM probe, 10 mM 
TrU-HCl (pH tf.3), 50 mM KC1. and varying amounii (0-10 nut) of MgCl a . The calculated Ml 
ratios (518 nm Intensity divided hy 582 nm intensity) arc plotted vs. MgO A concentration (mM 

Mfi)* Th« kry {uyftttt tight) aliuvra tlic pi ulna CAtnuicinl. 



dyes used, spacing between- reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure Cl- 
othe! faCluri thai irduCe flexibility uf 

the oligonucleotide, and purity of the 
probe. The second factor is the. efficiency 
■ itf hybridisation, which depends Oil 
probe T m , presence of secondary struc- 
ture in probe or template, annealing 

• temperature, and other reaction condi- 
tions. The third factor is the efficiency at 

* which Taq DNA polymerase cleaves the 
, bound probe between the reporter and 

quencher dyes. This cleavage Is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation thai mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage, of 
probe/" 

The rise in RQ' values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching ts reduced some- 
what as the quencher is placed toward 
the 3' end "the lowest apparent quench- 
ing Is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA Is at the 3' end (A1-Z6). This w 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of art internal position. In effect, a 
quencher al the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than . Is an internally placed 
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probes, the interpretation of RCi values 
is less clear-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
ptobc having a larger RQ than the hi* 
lernal TAMRA probe. For the F'2 pah, 

lx>lh prohps have about the same RQ" 

value. For the TS probes, the RQ fW the 
y probe, is less than for the Internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ~ value. Al- 
though all probes are HI'LC purified! a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently urn 
have a large effect on the efficiency of 
probe cleavage, Tlic most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
ticuUde t«dut_es the efficiency of cleav- 
age to almost rcro. For the A3, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA prober This Is explained 
most easily by assuming that ptobes 
with TAMRA at the 3' cad are more likely 
to be cleaved between leportei and 
quencher than arc probes with TAMRA 
attached internally. I : or the A1 probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ docs 
not increase when the quencher is 
nUr*xt riocpr to th»» .V end. This Ulus- 

hohh 



trates the important of helng able to 
use probes with <* quench or on the V 
end in the 5' nuclease I*cu assay, In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe Is cleaved between I lie 
reporter and quencher dyes. By placing 
lhv lupoj ujr and qutiucliL>i dye& on the 
opposite end* of an oligonucleotide 
probe, any cloavage that occurs will be 
detected. Whcu Uie quencher Is mtuched 
to uu Internal nucleotide, nomethnes the 
pcobe work* well (A 1-7) and olhur times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
n»pnr|pr and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the V nuclease I'CR assay is to use 
a probe with the reporter and quencher 
dye* on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit Ln 
terms of hybridization efficiency, Inc 
presence of a quencher attached to an 
Internal nucleotide might be expected to 
disrupt base-pairing and reduce the 7^ 
of a probe, in fact, a Tl^TC redudKin 
In T m has been observed for two probes 
With iJUeiiidlly aiudied TAMUAs. N> This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
prober with y quenchers might exhibit 
ali&htly higher hybridization efficiencies 
Ihuil piobeS willi internal uucnclien. 

The combination of increased cleav- 
age and hybridisation efficiencies means 
that probes with 3' quenchers probably 
will be mote tolerant of mis matches be- 
tween pror>c ond target as compnrcd 
willi internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use o single 
probe to detect PCK-amplificd products 
from sampler* uf diffcieill Species. Also, it 
mean's that cleavage of probe during PCR 
is less sensitive to ulicraUon* in fuv 
ncaling temperature or other reaction 
conditions, The on« application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination, l^c 
ct al. p> demonstrated thai allele-speclfic 
probes were clcovcd between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the. seventh nucleotide from 
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figure 3 M(cct of Mg 8 ' concentration on RQ railo for the A3 series of probes. The fluortttttftict; 
emission intensity al 51 R and 5fl2 nm was measured far solution:* containing SO om probe, JO mM 
Tri*-lia,(pll 8.3), 50 him KO, and varying amounts (0 10 mM) of MgCl*. The calculated RQ 
ratios (si« nm intensity divided t>y 5K2 nm intensity) are plotted vs. M«a 2 concemmimi («<m 
Mg). The key (upper ti$ht) ihOWS the pTobcs examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence, 
context effects, presence ni structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the. 
probe. The second factor is trie efficiency 
of hybridization, which depends on 
probe T mt presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq UNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dye* drastically reduce the cleavage of 
probe. (l> 

t he rise in RQ values for the Al se- 
ries of probes seems to Indicate that the 
degree of quenching is reduced some* 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe A1-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al*26). This is 
understandable, as the conformation of 
the y end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher ar the 3; end is freer to adopt 
conformations close to the $* reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ" values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ"' than the in- 
fernal TAMRA probe. For Hie V2 pair, 
budi probes have about the same RQ 
value. For the M probes, the RQ' for the 
3' probe Is less than fwi the i»lcin*lly 
labeled probe. Another factor that may 
explain some of the observed variation Is 
that purity affects the RQ" value, Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fect nn degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu* 
cleotlde reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and PS 
probes, ARQ is much greater for the .V 
TAMRA probes as compared with the in* 
temal TAMRA probes. This Is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached Internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ docs 
not Increase when the quencher is 
placed closer to the 3' end. This Ulus- 
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tratos the importance of being able to 
use probes with a quencher on the 3' 
end In the V nuclease i'CK assay. In this 
assay, an increase in tho intensity of rc 
porter fluorescence I* observed only 
when The probe Is cleaved between the 
reporter and quencher dyes. Uy placing 
the reporter and qutmchcr dye* on tho 
opposite en<k of an oligonucleotide 
irrube, any eleav;i>j<.' that occur* will In-, 
detected. When The quencher ix attached 
to liitciual nucleotide, »vi net linos the 
probe work* well and other times 

not so well <A3«.6). The rclntWcly uoor 
performance of probe A3-6 presumably 
means the probe is belnn cloavod 3' to 
the. quencher rather than hctween the 
reporter and quencher. Their* lore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
tv.rrn.1 ol hybridization efficiency, 'ihc 
presence of a quencher attached to an 
Internal nucleotide nu^hl be expeclcd to 
disrupt base-pairing and reduce the T, n 
of a probe.. In fact a 2*C3 9 C reduction 
in 7^ has been Observed for two probes 
with internally attached TAMRA s, <9) This 
Eruptive effect would be minimised by 
placing the quencher at the 3 # end. Thus, 
probes with 3' quenchers might exhibit 
alightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes, This tol* 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplihed products 
from samples of different species. Also, It 
means that cleavage of probe during PCR 
is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage Is for allelic discrimination. Ue 
et al/" demonstrated that allclc-speclhc 
probes were cleaved between reporter 
and quencher only when hybridised to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 



Z0S6 091 6*6 Vfd 8S:*T Z00S/S0/2T 



From : BML 



PHONE No- : 310 472 0905 



Dec, 05 2002 12:i9RM P09 




Uim V end ami w<?ro dcclgncd so thai any 
mismatches were between the reporter 
and quencher. Increasing the distance 
bctwaan reporter and Quencher would 
lessen In* disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be ucoful for allelic 
rilKrHmlnatkin. 

In this study low. of quonchlng upon 
hybridisation wax used to show that 
quenching by a 3' TAMRA l» dependent 
on the flexibillry of a slngfe'Stranded Oh* 
Konudeotlde. The Increase in reporter 
fluorescence intensity, though, could 
ako b« uted to determine whether hy- 
bridization has otxurred or nor. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful AS hybridization 
probes. The ability to delect hybridiza- 
tion In real time means that these probes 
could be used to measure hybridization 
Kinetics. Also, this type of probe could be 
used to develop homogeneous hyhrid- 
imtion nssayj lor diagnostics, or other ap- 
plications. Bagwell Ct al. <J0> describe just 
this type of homogeneous assay where 
hybridization of a probe caus«* ah In- 
crease in fluorescence caused by a low of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both end* of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide mid a quencher dye to the oihia 
ond generates a fluorogonlc probe that 
can detect hybridation or I'CH amplifi- 
cation. 
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Real Time Quantitative PCR 
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Wc have developed a novel "real time" quantitative PCR method. The method m«oirec prodnn 
^.muUdorthSeh a dual-labded fluorogenle probe (Lc„ TaqMan Pro*). Jta method pro vide ; vary 
Si and rlprodudble quantitation of gene copies. Unlike other quaniitallv* PCR ™^>^™* ™ 
rn r SplraLple handlln* preventing potential PCR product carry-over coniamhiation and 
T«uiZ STmuAWT and higher throughput assay, The real-time PCR ^^^^ 
ranee of starting target molecule determination (at fean nvc orders of maenaudc]. Real-lime Quantitative 
PCR b extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important rote in many nelds of biologi- 
cal research. Measurement of gene expression 
(RNA) has bewn used extensively In monitoring 
biological responses lo various stimuli flan el al, 
1991; Huang el at. 19 Q 5a,b; I'rud'homme et al. 
1995). Quantitative gene analysis (T;NA) has 
Ix-cn used to determine the genome ^uauiiiy of a 
particular gene, as in the case ot the human HKR2 
gene, which Is amplified in -30% of breast tu- 
mors (Slarnon et al. 1987). Gene and genome 
quantitation (DN A and RNA) also have been used 
for analysis of human inununudcficicncy virus 
(IIJV) buTdtn demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; i'latak el al. jvwb; 
1-urtado et al. 1995). 

Many methods have been described for the 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern 1 V/5; Sharp el 
al. 1980; Thomas 1980). Recently, PCR ha* 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (K'O-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made pos- 
sible many experiments (hat could not hove been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



that It be uaeU properly for quantitation (U»«y 
maekers 1W5). Many early reports of quantita- 
tive PCR and RT-PCR described quantitation of 
the PCR product but did hot measure the Initial 
target sequence quantity. It is essential to design 
proiK-x controls for the quantitation of the initial 
target sequences (Perrc 1992; Clcmenti ci al. 
100?.) 

Rt-sMirchers have, developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures PCR product quantity in the log phase 
of the read ton before, the plateau (Kellogg et al. 
1990; Pang et it). 1990). This method requires 
thai each sample has equal input amounts of 
nucleic- add and that each sample under analysis 
amplifies with identic.*! efficiency up to the. point 
of quuuiiur.vc analysis. A gene sequence (con- 
tained in ull samples ot relatively constant quan- 
Ui;«?a, such as p-aelln) tan be used for sample 
amplification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gd electrophoresis or plale capture 
hybridization), it is extremely laborious to assure 
that all samples lire analyzed during the log phase 
of the reaction (for bolh the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QQ-RCR, has been developed 
and is used widely for PCR quantitation. QC-PCR 
relics on the inclusion of an internal .control 
competitor in each reaction (Becker-Andre 1991; 
Hatak el al. 109U*,1>). The efficiency of each re- 
action is normalized lo the Internal competitor 
a imnwn aiTuiunt of lnif-xnal competitor can be 
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added to oach sample. To obtain relative nuant- 
tatlon, Ihe unknown target PGR product is com- 
pared with the known competitor l*:U product. 
Success of a quantitative competitive I'OU assay 
relics on developing an Internal control ihni am- 
jilifk* with the same efficiency as ttiv uugcl mol- 
cculc. The design of the competitor and the v ni- 
dation of amplification cffieieiicio icquirc a 
<iedicatcd effort. However, because QOPCK does 
not require that PGR puxlucts be analyzed during 
the log phase of Ihe amplification, it is th« easier 
uf (he two methods to use. 

Severn! detection systems uic used for quan 
UUtive l'CR and RT-PCU analysis; (1) agarose 
gels, (2)fluorcaccn( labeling of K1H products and 
detection with liMKr-liulucccl fluorc&ccncc using 
capillary elccTrophmesia (Fasco et al. 1995; Wil- 
liams ct al. 1 996) or acryUnilde gel*, and (3) jiUde 
capture and sandwich probe hybridize* ion (Mul- 
der el al. 1994). Although these method* p«>v«d 
successful, each method requires posl-3*CR iny- 
ntpularlons Thar add Time to the analysis and 
may lead to htbu'uloty t ohhuiimiation. The 
sample throughput uf these method* \* limited 
(wilh Ihe fxcepilon of the plate capture ap- 
proach), and, thurufore, these methods ore not 
well >uilr.d ft ii u.sc> demanding high sample 
throughput (I.e., screening of large numbers of 

hlu(uwl«i.ulc;t in diudy/.lng cUuilplira fox didglK-ra* 
Ucs or clinical I rials). 

Here we report the development of it novel 
it.vtay for quantitative DNA analysis. The assay is 
based on the usrof the 5* 'nuclease assay first 
described by Holland et al. (1991). The method 
uMts the 5' nuclease, activity of 't\uj polymerase to 
cleave a noncxlcndlblc hybridist ion probe dur- 
ing the extension phase of I'OU. The approach 
uses dual-labeled fluorogenic hybridisation 
probes (Lec et id. 1993; nasslcr ct al. 1993; l.ivok 
et ttl, 1995o,b). One fluorescent dyv serve-* as a 
reporter |PAM (i.e., o-carboxyfluoresvein)! ,-ind its 
emission spectra is quenched by the second flu<»- 
resccni dye, TAMRA ({.ft., o-cnrboxy-tetramethyl- 
rhodamhic). The nuclease degradation of the hy- 
hrtdixiirUm probe releases the quenching of Ihe 
I'AM fluorescent emission, rcMiHing jo an In- 
crease In pea.k fluorescent emission at Sjy run. 
The use Of a sequence detector (AD J Prism) allows 
measurement of fluorescent spectra of all 96 wells 
uf the thermal cycler continuously during the 
1*CK amplification. Therefore, the reuclioiia aje 
muuitorcd in real lime. The output data is de- 
scribed and quant irutlve uiwlysh uf input lurget 
I )NA sequences is discussed betow. 



RESULTS 

PGR Product Dereaion in R«ai Time 
The goal was to develop a high-throughput, sen- 
sitive, and accurate gene quantitation assay for 
use in monitoring lipid mediated therapeutic 
gene delivery. A plaswid encoding human factor 
Vlil gene sequence, p!'8TM (sec Methods), was 
used as a model therapeutic R«n«. The assay usr< 
fluorescent Taqman methodology and an instru- 
ment capable a( measuring fluorescence in real 
time (Attl Prism 7700 Sequence TVtcdnr). Hie 
Taqnutu reaction requires a hybridization probe 
lal>cled witii rwo different fluorescent dyes. One 
dye Is a reporter dy« (I'AM), the other ix a quench- 
ing dye (TAMRA). When the pmU: U intact, fluo- 
test cut energy transfer occurs and the reporter 
dye fluorescent emission is ubsorben hy the 
quenching dyv (TAMRA). During Die extension 
phase of the l'CK cycle, ihe fluorescent hybrid- 
IxaUnn proi>c u cleaved by the 5'-.'!' nucleolytic 
activity of the: DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no l*»n£<* 
transferred efficiently to the quenching dye, re 
sul tin k hi an increase of the reporter dyu fluorCfc- 
ccnt ciiiijwl"" (ip^etra. VCR primers and probe* 
were designed fix Ihu human fttclor VI 1J se- 
quence and human p-actin gene (as described in 
Methods). OpUinizalion reactions were j^er- 
formed to choo%e the approprlute probe und 
magncsluni conccnuotions yieldirjy the hiniu^t 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Instfumenl uses a 
charge-coupled device (i.e., CCD eamcru) for 
mcasttring the fluorescent emission apectm fron) 
. r i(K» to r,$0 nm. 15ach VCM tube was monitored 
sequentially for 25 rn.Mse with continuous monl- 
torinfc throu^hotlt tin: amplifiealioi'i. UftCh lube 
wa« reexamined every B.5 sec. Computer soft- 
ware was designed t<i examine the fluorescent In- 
tensity of both the reporter dye (KAM) and 
the quenching dye (TAMRA). The lluorcsccAt 
intensity of the quenching dye, TAMRA, change? 
very Hide over the course of the PCR amplifi- 
cation (data not shown). Therefore, the intensity 
of TAMKA dye emission serves as an internal 
.iloiidai-d with which to normulbvc the reporter 
dye (1 ; AM) emission variations. The software cal- 
culate:* a value termed AKn (or AfcQ) using the 
following equation: ARn - (Un J ) (R"'). where 
Un 4 • emissluji intejisSty \>t reporter/emission in- 
tensity of quencher al any given lime In o-rcae 
don tube, and Rn - emission intensitity of re- 
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poncr/OmlSStOTl Jlilumily wf qucnclier mcaxurcd 
prior 10 K;K innpIHicalion in thnr same unction 
tube. For the purpose of quantitation, Hie Usi 
three data jjoims (ARm) collected during the. ex* 
tension step for each J'CK cycle were analysed, 
The nucleolyiic degradation of Ihe. hyurub/adon. 
probe occurs during ihe extension phase or I'Ui, 
and, therefore, reporter fluorescent aiusMun in- 
creases during this time. Hu* Uuw dau points 
were averaged for each k;K cycle and the iiicttn 
value for each was plotted in an "amplification 
plot" shown In J J l«ure 1 A. The AKn mean value is 
plotted on the j*axiv timc ' represented by 
cycle number, is plot led on UivA-axis. During the 
«arly cycles of the VCl\ amplification, the ARn 



value remains at base line When .sufficient hy- 
bridi/Jtlon probe hu$ been cleaved by tlw Tun 
ixilymvrase nur-lftA/M activity, the inleusity of re- 
ixirtvr fluorc.tccni emission Increase Most \>C\\ 
amplin^ljons reach u pl&Uau phaw of reporter 
fluorescein crriisflion if the reaction Is carried mil 
lo high cycle number- The arnplifiraUnn plot 1st 
uxaiuhiul tMiiy in th* reaction, ut a point Ihat 
icpicsenis i\w log phase of product arnnnula* 
turn. This Is done by uuiffnlng an aihiUaiy 
threshold tnai is b«*cd on the variability of the 
base-line d«u. In M«ure 1A, the threshold whs .set 
ut It) standard deviation* above the mean of 
base line emission calculated from irydci 1 lo 3 fv 
Once the threshold Is chosen, the point at which 
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Figure 1 PCR product detection in real time. (*) The Model 7700 >uClware will «>rwinjct amplification .plots 
fro** the extension phase fluorescent emission data collected during the PM «*g^£ £ 
viation is determined from the data points collected from the base line of the «rnpli icauon ploL C, values are 
calculated by determining the poim at which the fluorescence exceeds a threshold limit 
landard deviation of the base line). (B) Overlay ot amplification plots of scriaHy (1:2) f^J^^JJ^ 
DMA samples amplified with p-actin primers. (Q Input DNA concentration of U^WW SKl^?«&t 
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the amplification plot cro&scfi the thrcghold'ivcle 
fined as C r . C r is reported an I he cycle number ;it 
tlil?: point. Ar will be demonstrutud, lh« CI, .value 
lit piedicdve of the quantity of input turge.t. 

Values Provide a Quantitative Measurement, of 
Input Targer Sequences 

Figure 1R shows amplification plots of 3 i»'drrY*5>* 
eijt PGR amplifications overlaid. The amplica- 
tions wore performed on a 1 :2 serial dilution ^ 
human genomic 1WA. *J*hc amplified target v*:u 
human p actln. The amplification plots xhifl to 
the right (to higher threshold cycles) n* the input 
target quantity h reduced. *JT>i« is expected ha- 
(uiukm nmctlortR with fewer starting enpitw of the 
largci molecule require greater amplification to 
degrade enough probe to. attain the Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the G r values. Figure 1C represents the 
C T value* plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
PC^R amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. 'Hie C r values decrease linearly with increas- 
ing target quantity, Thus, G r valuta can be used 
as a quantitative measurement of t lie input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6<ng sample shown hi Figure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15,6-ng sample also achieves e.ndpoint pla- 
teau at a lower fluorescent value than would he 
expected ba.sed on the Input PNA. This phenom- 
cnon has been observed occasionally wiib other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation, it is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated C, value as 
demonstrated by the fll on (lie line shown in 
Figure 1C All triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0.5 for any dilution, this experi- 
ment contains a > ] 00,000-fold range of Input 'tar- 
get molecules. (Jslng C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
.quantitation. The linear range oi iluoresccni In- 
tensity measurement of the Alii Prism' 7700 Sc- 
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mt'iVts over n very large r^ugi* i»f relative* start Inp, 
lar&t»t quantities. 

Sample Preparation Validation 

Several parameters influence the efticlenry uf 
PCR amplification: magnesium and sail coneeiv 
nations, reaction conditions (i.e., time «nd tem- 
perature), PCU target size and composition, 
primer sequences, and sample puriTy. Ail of the 
.above factors are common to a single PCK assay, 
except sample to sample purity, in an effort to 
validate I he. method of sample preparation for 
the iacior Vill assay, PCR amplification reproduc- 
ibility and oJliciency oi JO replicate sample 
prt»|iar;itioTis wen*, examined. After genomic DNA. 
was prepared from ihe 10 replicate samples, the 
DNA was quantitalcd by uJl/avlolct spectroscopy, 
Amplifications were performed analyzing p-aciln 
gene, content In 100 and 25 ng of total genomic 
UNA. Each FCK amplification was performed in 
triplicate. Comparison of C r values for each trip- 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). Therefore, each ol the triplicate PCM 
amplifications was highly reproducible, demon- 
strating that real time PCR using this instrumen- 
tation introduces minimal variation Into the 
quantitative J'CR analysis. Comparison of the 
mean values of Die. 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for fi-acUn gene quantity. The highest Cj 
difference between any of rhe samples was 0.S5 
and 0.73 for the MX) and 25 ng samples, respec- 
llve.Jy. Additionally, the. amplification of cadi 
sample exhibited an equivalent rate of fluorcs* 
cent emission intensity change per amount of 
l>NA target analyzed as indicated by similar 
slopes derived from the sample dilution (Pig. 2). 
Any sample containing an excess of a i'CK inhibi- 
tor would exhibit a greater measured (3-acthi G r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with I he 
sample in the dilution analysis (l ; i# f 2), altering 
the expected C f - value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prcpa- 
ration Is highly reproducible with regard to 
sample purity. 

Ouantitadve Analvsis of a Plasm id After 

7nc« no/ aha W4 «c:n 7on7/cn/7T. 
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Tablo 1 . Reproducibility of Samplo Preparation Method 



7 
8 
9 

10 

Mean 



100 ng 



Samplo 

no. C T 



standard 
m&an deviation 



CV 



18.24 
18.23 

18.33 

18.35 

1(M4 

18.3 

18.3 

18,42 

18.15 

18.23 

18.32 

18.4 

18.38 

18.46 

18.54 

18.67 

19 

18.2B 

18.36 

18.52 

18.45 

18.7 

18,7? 

18.18 

18.34 

16.26 

18.42 

18.57 

18.66 

0 10) 



13.27 0.06 



18.17 0,06 



18.34 
18.23 



18.39 



18.55 
18,12 



0.07 



0.08 



18.-12 0.04 



18.74 0.21 



0.12 



18.63 0.16 



18.29 0.1 



0.12 
0.17 



0.32 

0, V 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0.55 

0.6S 
0,90 



25 ng 



20.48 

20.55 

20.5 

20.61 

20.59 

?0.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20,63 

21.09 

21.04 

21.01 

20,67 

20,73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



standard 
moa n deviation CV 



20.51 0.03 0,17 

0.11 0.54 

20.54 0.06 0,28 

20.4 3 0.05 0.26 

20.73 0.13 0.61 

21.06 0.03 0.15 

20.68 0.04 0.2 

20.86 0.12 0.57 

20.51 0.07 0.32 

20.73 0.1 0.16 

20.66 0.19 0.94 



(or containing a partial cDNA for human factor 
VUI # pl ; 8TM. A aeries of transections was so! 
up using a decreasing amount of the plasmid v (40, 
A t 0.5, and O.l u.g). Twenty-four hours poal- 
trufutfet'tinn, total DNA wtw purified fiom each 
flask uf eelis. p-Aiiiu £cnc quantity wa* chosen <i.n 
a value for normali^liwn or ^.rumiic DNA con- 
ccurraUon frumtrach sample, hi litis cxprumcnt, 
(i-actin gene content Should remain constant 
relative to total genomic DNA. Figure 3 .shows the 
result of the p-actln DNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) of wch sample. Kach sample was analyzed 
in triplicate and the mean |i-actin C> values of 
the triplicates were plotted (error bars represent 

z-.^rt «*v«Mi«Frt ritn/iaiirtni 'I b#» hlPtifsr iliffrrrncr 



betwwn any two sample moans wax 0.«.*5 C,.. Ten 
nanograms of total UNA of each sample were also 
examined for iVaclln. The results uguin showed 
that very similar amounts of genomic 1>NA were 
present; "the maximum mean p actio O, value- 
difference ww 1.0. As Figure 3 shows, the rate of 
P-actJu C r change hcLwccn the 100 and 10-ng 
sample* was similar (slope values rang« feutwocrn 
3,56 and -3.45). Thi.s verifies again that the 
method of .sample preparation yields sar'nplos of 
identical PCR integrity fi.e-, no sample contained' 
an excessive ainuunl uf a POft Inhibitor). How- 
«vcr # Uk-w results Indicate that each sample eon 
talncd slight diffeienc.es in the actual amount of 
genomic DNA analysed. Determination of actual 
vuuoinic ON A concent ration was accomplished 
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Figure 2 Sou t pi* preparation purity. T he replicate 
camples shown In Table ? wore afco amplified In 
tripicate vising 25 119 of each DNA (ample. The fig- 
uic shows die input DNA concentration (100 and 
25 no,) vs. C, In ih*» figure, ih** 100 and 75 ng 
points for 1 each sample are connected by a fine. 



by plotting the mean fi-iictin O, value obtained 
for «ach 100li£ stunplv on a p-actln standard 
toiive (shown in Wg. 40). The actual genomic 
1>N A concent rut ton of each wmpiu, «, was ob 
tallied by extrapolation to tdu j^uxl*. 

Figure- 4A shows the measured (t.u. r n«n- 
normaHr.ed) qMaiililie* «f /actor VJJJ pla.tinid 
ONA (pJ*tn*M) from each of the four transient cell 
IrfHiyfcctirma. Each reaction contained 100 n£ of 
total sample? ONA (as determined by UV spevtro* 
copy). lUtch sample was analyzed in triplicate 



25 



21 



20 



V-27J3*<fi»vrll-i 



o.a 




3.3 



M 1-tt 1.B 
log (ng Input ONA) 

Figure 3 Analysis of hdiisfectcd cell DNA quantity 
and purity, the DNA preparations of the four 293 
cell transections (40, 4, 0.5, and 0.1 p.cj of pFSTM) 
were analyzed for the 3-actln gene. 100 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pFSTM that was transfected, the fi-actln 
C T values are plotted versus the total Input DNA 



pc:r< amplifications. As shown, pl : BTM purified 
>fioicJbc 29;* cells decreases (mean C, values in- 
crtv-u^; with decreasing amounts of plasmld 
.truifeft'Ucd. The mean C t values obtained for 
p+WM in Tijure 4A were plotted on a standard 
curve cc*mprl.Hed of seilally dilulod pKHTM, 
shown .in 'figure 1 4R. The quantity ul plWM, h, 
found in each of the four transections was do- 
tcrmincd by extrapolation to the x axis of tho 
standard curve In lUgurc 411. These, uncorrected 
values, b, for pKKTM were normall^d tc» deicr- 
inine the actual amount of pl'8TM finjnd per 100 
ng of genomic DNA by using the equation:. 

h x 10 0 ug actual pl*B'l*M copies per 
" r 100 ng of genomic DNA 

where a '-actual genomic ONA in u sample and 
U *- pl : H'l*M copies from the standard curve. The 
normal ir-cd quantity of pl'6TM per 100 n$ of ge- 
nomic DNA for each of the four transfcctloivt I a 
snown In Figure 4Ji. 'Hi cm: remits Allow ill At the 
quantity of factor Vlll plasmlU iissovJated will 1 
the cells, 24 lir after iniJisfi&li"", uuliimscn 
with decreasing pinguid uiiK.«iuiaUon u.scd In 
the transection. The quantity of pftt'JM associ- 
ated Willi 293 cells, afteT transfectlon with 40 (xg 
of plasmid, was 35 pg p<?r 100 ng genomic UNA. 
Tills results In -520 plaamki copies per cell. 



WSCUSSION 

Wo have described a new method for qunntitut- 
iuft £cnc copy numbers using tcaMlmc analysis 
of PCJR amplifications. Reai-tlmc PCH in annpat- 
ible with cither of the two PCIK (KT-PCR) ap- 
pruachci: (1) quanlllatlve wmf^titivt: where an 
Inteiiiiil cviiipclltor for each target sequence ia 
used for normalization (data not shown) or (2) 
quantitative comparative PCH uslug ti iiuuiiali^a- 
tion gene contained within the sample (i.e., p-ac- 
tin) or a "housekeeping" gene for RT-JHJK. ff 
equal amounts of nucleic acid are analyzed for 
each sample and if the amplification efficiency 
before quantitative analysis o identical for each 
sample, the vwernal cunlmi (nuima)i^itiou gene 
or competit(jr) should give eqiuil nKiiah for alJ 
samples. 

Tlie real-time PCU method offers several ad- 
vzintagcs over the other two methods currently 
employed (see the Introduction). I : irst, the real- 
time PCR method is performed in a closed-tube 
system and requires no post-rCR manipulation 
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Figure 4 Quantlt Mivo flnalynijc of pFSTM in transacted cclb. Amount of 
plasmid DNtA used for I he trunsf©ciion plotted against the mean C, value deter- 
mined for pHtTM remaining 2^ hr aUcr transection. <0,O Standard cunms of 
pPftTM and fl-acUn, respectively. pf8TM ONA (fl) and genomic UNA (Q were 
dilutftd AArially 1 :S before amplification with the appropriate primer*. The fi-actin 
standard curve wa* usod to normalise the results of A to 1 00 ny of genomic DNA. 
(0) Tho amount of pfSTM present per 100 ng of genomic DNA, 



of sample. Therefore, I he potential for TCK con- 
tamination in the laboratory is reduced because 
amplified products cam tut auHlyrcd and disponed 
of without opening tho ruction tubes. Second, 
(his method suppoiU the um; uf a tiormiilixiitlui] 
gene (Lc., fj-actin) for quantitative. PGR or house- 
keeping genes for quantitative RT-l'Ck controls. 
Analysis Js performed in real time during the Jog 
phase of product accumulation. Analysis during 
kiK phase permits many different genes (over a 
wide input target range) to be analy/cd simulta- 
neously, without concern of reaching rend Ion 
plateau at different cycles This will make uiulll- 
gene analyst assays much caMei lv develop, be- 
cause individual internal umipclllui> will nut be 
heeded Tor each gene under analysts- Third, 
sample throughput will iutjeasc dianmlicaUy 
with the new method because, there is no post- 
J*CK proteasing time. Additionally, we'll king In a 
formal h highly compatible with auto- 
million technology. 

The real-time PCR method i:> highly repro- 
ducible. Re plicate*, amplifications can be analyzed 



for (Mch sample minimizing j>oicmLal error. The. 
.sysiitiTi allows for a very large assay dynamic 
rangt' (approaching 1,000,000 -fold Marling lai- 
gcl). Ualng u .standard curve for the target oi in- 
terest, relative cof>y number valuer can be deter- 
mined for any unknown maniple, hiuorescent 
threshold vnlucs, C r , coneJatr. linearly with rela- 
tive DNA copy numbers. Real time quantitative 
HT-I'CK methodology (Cilbson et al., this Issue-) 
has also been developed. Anally, real time quan- 
titative I'Cll methodology can be used u> develop 
high-throughput screening away* for n variety of 
applications f quantitative gene CApjeaaiuii (RT- 
PCft), gene copy aaaays (ffcr2, 13 IV, clc.)# geno- 
typlng (knockout mouse analysis), and inimuuu- 
PCRJ. 

ttcal-thne POU xtiay al.w he jxrrformcd using 
intercalating dye.* (Higuchi ct ah 1WJ such us 
cUvldium bromide. The fluorogenic probe, 
method offers a ma|or advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dimvrs and nonspecific PCft products are not de- 
th-ted). 
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METHODS 

Generation of <i Plasmld Containing a Partial 
cDNA Tor Human Factor Ylll 

Total KNA v»<i hurvrMcd (UNA*r>l \\ (rotn Tel Test, inc., 
hncfidiwood, TX) from cv!1> i.*.isfccled with a favtur VHI 
expression vtKlor, pCUSZ.(k^5U (Kfllon ut id. I«H0; 0(if« 
mnn c.i al. 1900), A factor VIII partial cl )N A wvpiencv WAS 
ri *. ( »t.r»<cd by in* \>CAt l<;t.o©Amp |C. tTth ltNA VfUl 

(pan NWiH-or/s, l'H Applm) itiosyucms, ftwtvi Wiy, <-^>J 

using the l f c:H primer* PVfor m«l PRrev <prii»rr wqueiirrt 
arc shown below). Hit- ampllcon was reamplinYd OAlnR 
modified I'flfor and Wrcv primers (appended with 
and f/nrdlll restriction sire sequences «» the V erdj wirt 
clonal Into jXiKM- (Prcum-gu tu>rp., mikIlhou, Wi). The 
resulting clmir, pV8TM. was uwtl lor transient transfer Ion 
of 293 cdl.s. 



Amplification of Target DNA ami Detection of 
Amplicon Factor VIII Plasmtd DNA 

(pFHTM) was (iiniilift«U wiUi ihc |F»imt-iA l<*Hfor $'-CAX*- 
GTCKX^\ACiAU:i*UA<XliCn*C.,V and Wrev .V-AAA<:C7K- 
tuOCCn'GCiATCUj rACJG-.lMlic rvwctluii pivdnevd ti <I23U 
np w*:k product. The fnrwurd primer wiw deigned to lev 
ngntx.e u uxilq Mipiviuv 1 ft mi id In I he 5 f untranslated 
region of tin* patent pGl£2.tkZ5l> plaMiiuJ <iml ihurcforc 
dues nut r'whuU: and amplify the human factor VII) 
giMiVf I'rimnrfi wore chosen with the- a wist* iter* of I Ik- com. 
pulcr program OIi£o 1.U (Nutiimul ltiu.scioncc5, lnv„ Ply. 
mouth, MN). The In l man p-actln gene was amplified with 
the primer* fj-twti« fiii-waid primer S^TCACCCACAKRIT 
GCCCATWACCA-y and p-actiu reverse piimcr .S'.CACJ. 

C0GAACCX:rrCArK;c:c.AAJ'CG.3'. The reaction pro- 
duced a ays-ftp i*c:it product. 

Amplification reaction* (SO pJ) coniHined a DNA 
sample. 10* I'OU Buffer II (a yJ), 200 p.M dATP, dCTl\ 
dGTP, and 400 |tM riUTP, 4 tnM Mg<:i 7 , 1.25 Units AmpH 
Tat) DNA polymc:a$c, 0.5 unit AiiipKrusc uracil rt-fity. 
ciwyluAv <UNC), SO pmolv of each faetoi VIII ivlinct, tind 15 
fHiiolt* u( until i |« actio pi I in of, Thcr icat-tluiWr uko t:tinlalncd 
Oil? Of the following; detection prolws (WWJ iim rnrli): 

i'tiji«.»iie A'(KAM)Ac:cr:vri , t:cu<:crPCicrn , trrrrcn , t; , i'- 

GCCTT(TAMRA)p 3' aud ^-iin proU- S f (TAM)ATU(U X 
XCrAMKAJCCCCCATCCCATCp-.!' where p indlcalcs 
pho.iphorylniirtri nnd X Indlcotcs a linker arm nucleotide. 
Reaction luU-s w«-rt* MicmAmp Optii-nl 'IuIk-s (pnrl ftUin- 
ln-rNKOI OO.'t.l, Pcrkln Ulniex) lhai wurc f ruetetl Cut IVrlihi 
rimer) to prrwnt light from /cflcclln^. Tube copi were 
ilniil^v m Mu-roAmp t;nps IhiI specially designed to pre- 

VClll Hfiln SCilt Ik-ring. All <d lh<* IK1U i^ntM4iUUl>h>* wcro KVl>w 

l*licd liy PK Applied UJoiy*t<-no (po«lor C!Uy, CX) except 
ihr factor VILi priiutrra, wlik'H wnr .tyniheslzrd at (Jenvn 
lech, Inc. (Smith 5c*t» Prun Cisco, CA). I'rohes ww dcsl^m*d 
u.siag l he Olj£t> 4.0 .no fl ware, folknvlnj; guide! tuvv wij;- 
^C5ico in inc Mode] 7700 .Sequence lH't<vti»r iu^uumviil 
manual. Hrlcfly, prubt- T m &)MHitd lie nl Jcaat 5 U C Jil^Krr 
mail The ar\iu*uHux mmywalitic u.icd durhlii thrrmtil cy- 
rhng; primers sho\ild not funn M«thlv duplexes* with thr 
probe. 

The therm*) ry cling condition* Included 2 juln ft I 
50 V C and 10 niin al 95"C. 'Hicnnal cycling proccrtlrd with 



reactions were performed in tho Modol 77(10 Sequence IV- 
Ut-lof (PE ApplU'd UlusyvtcuivK which ctintahiK a Ccnr-- 
Ani|t i*< 'M Sy&tcrm P«X>. Ufca*:llon cvuidhio*^ w-rc pro* 
RniilllltwJ on .< W»w« Macinh.-!* VlWt (Apple C^rnp"*^, 
Sonta Clara, CiA) linked diwiy to the Model 7700 Si^ 
quciiw IXilffCtor. Analyst* «f data w»« atu.i ju^ormi'd nn 
the MwlnUrth compute*. Collection and anfllyck enftwaro 
wiu doveln|wl Hi l*K Applied Wosy*iuins. 

Traiwfection of Cells with Factor VIII Cointrucl 

Pnur 1*1 7S flasks of 2V3 cells {ATCX: CM. 1573). a human 
fctol Iddney EueEpention cell line, wvre hhiwii to R0*Ht con- 
Mucnvy and tranifcetvd plWM. Colli wore wowu In tliv 
folliiwltig medio! 50% HAM'S m without OUT, 50% lt»«i 
glucoac JIwJIkwVs inodtOcri Ka>;lc medium (liMIlM) with, 
enn glycine with sodium bicarlxmato, 10% icial Inmne 
sennn, 2 iiim L-Klul«injnc, ^ VXi peniciiJiii-strcptoniy- 

vln. The media ww cJi»n(fcd 30 rnln M^«» the Iransfcc 
lion. pl-UTM DNA amounttt of 40 f 4, 0S f .ind 0,1 p.f; were 
iiUitccl in l.A ml of a solution conialnlnR 0.125 m CmC^- 
And *i x MKP1S. The four mixhm-^ were left at rt>o)n tern- 
pennun- Utt in mln and. ihtni ad*lv»Vdrn|iwLw l« d*o cells. 
Thv n«»k> w*-,iiiwjUaled at 37°C "and Cx\ for 24 hr ( 
washed with rWS, i>"d ra» u »r>cndcd In PHS< The rwcuM 
jA-nd^l cell* were divided into »IU)uot» and UNA wm 
tnieted hninedlutely usuik the QIAanip W*«kI Kit (QUgen. 
Caialflm»rtl), <.V\). UNA w»s r.luled Into 200 j*l o( 30 n<wi 
1VMICJ ol pll tt.O. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISPS, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third telated gene, 
WISP- 3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (<) CS7MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repress ible promoter, and («) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24 J. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISPS mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of WnM 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-3/3) resulting in an increase in 
/3-catenin levels. Stabilized 0-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (A PC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). A PC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in" tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-p superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnl-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISPS. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61 t and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
. Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 

tissue growth factor; SSH, suppression subtractive hybridization; 

VWC, von Willebrand factor type C module. 

Data deposition: The sequences reported in this paper have been 

deposited in the Genbank database (accession nos. AF100777, 

AF100778, AF100779, AF100780, and AF100781). 
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cDNA was synthesized from 2 ptg of poly(A)^ RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 jig 
of poly(A)* RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WlSP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
. coding full-length mouse and human WlSP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDN A was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 jxM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and gIyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<act) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The WYS/'-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/ Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. I A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-2 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of *40,000 (Af r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of 27,000 (Af r 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 

CS7MG 
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Fig. I. WISP-1 and WISP-2 are induced by Wnt-I, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 ^g) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- 1 -specific, probe 
(amino acids 278-300) or a 190-bp WISP- 2- specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-l (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-l. 

Identification of WISPS, To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-l protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
" human WISP proteins shows that WISP-l and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-l and 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-l, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-l is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-i (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-0 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, . similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor' (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-l and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (5) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-l has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is. involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP*} expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WlSP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 





Fig. 4. (A , C, £, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well -differentiated adenocarcinoma 
showing evidence of adenoid. cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (£ and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
Fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located .iear D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
. assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-I 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDrcell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one (P - 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. {A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with EcoRI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 



Cell Biology, Medical Sciences: Pennica et aL 



Proc. Natl. Acad. Sci USA 95 (1998) 14721 



0) 

E 



CL 
O 

o 



<0 

O 





WISP-1 

I 


ii 

iUiiki 


W1SP-2 T 

.in 


WISP-3 

llill.liilillilln.l.tn. 



Tumor Number 

Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant ceils have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-0, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v 03 serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISPS RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and- many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium, T-cell -proliferation assays were 
done essentially as described 20,11 . Briefly, after antigen pulsing (30jjLgmr' 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 M.Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 jig TTCF with 0.25 u.g 
pig kidney legumain in 500 u,l 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C 
Glycopeptide digestions. The peptides HIDNEEDI. H1DN(N- glucosamine) 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C- terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography". Glyco peptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol Digestions were performed for 3 h at 30 °C with 
5-50 mU ml -1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgmT 1 o> 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumour-s studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine -rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy^ terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting ( Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL* (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAlL 6 ' 7 , Apo3L/TWEAK M , or OPGL/T RANGE/ 



NATURE | VOL 396 1 17 DECEMBER 1998jwww.nature.com 



Nature © Macmillan Publishers Ltd 1998 



699 



letters to nature 



RANKL l0 " lJ (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFRl. Gel- filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity {K 6 = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
— 0.1 u.gml~ l . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (A1CD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results", activation 
of interleukin-2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes l,N ~"\ Peripheral blood natural killer cells triggered, 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
-30%, with half-maximal inhibition at —1 M-gmf 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human 0cR3. a. Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the A/-linked glycosylate site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 



Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
0cR3-Fc (solid line, shaded area). TNFRl-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of OcR3-Fc to cells transfected with FasL or pRK5. PE. phycoerythrin- 
labelled cells, b. 293 cells were transfected as in a and metabolic ally labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFRl, DcR3 or Fas. 
c. Purified soluble FasL (sFasL) was immunoprecipitated with TNFRl -Fc. 0cR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane. d. Flag-tagged sFasL was 
incubated with DcR3rFc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR)' 8 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood . 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18- fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of I gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene: is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia ceils 
were incubated with Flag-tagged soluble FasL (sFasU 5 ng ml - ') oligomerized 
with anti-Rag antibody (0.1u.gmr') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl arid assayed for apoptosis (mean r s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a. in presence of 1 u.g ml*' DcR3-Fc (rilled circles). Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c, Peripheral blood T cells were stimulated with PHA and inter! eukin-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl. Fas-Fc. or DcR3-Fc (10 u.g ml"'). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of resufts from 
five donors), d. Peripheral blood natural killer cells were incubated with 51 re- 
labelled Jurkat cells in the presence of OcR3-Fc (filled circles). Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 5t Cr (mean ± s.d. for two donors, each in triplicate). 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone s insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG U9 . . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 4 Genomic amplification of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c. d. f. g. h, j, k, r). seven squamous-cell carcinomas (a, e, 
m, n. o, p, q), one non-small-cell carcinoma (b), one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means t. s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Oata are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-held image (left) and the corresponding dark-held image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker T150, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L", Unlike QcRl and DcR2, which are 
membrane-associated proteins, DcRJ is directly secreted into the 
extracellular space. One other secreted TNFR- family member is 
OPG\ which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR- family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. Q 



Methods 

Isolation of DcR3 cONA. Several overlapping ESTs in Gen Bank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL* (2 u.g), together with pRK5 encoding CrmA 
(2|xg) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-F,c or TNFRl-Fc and then with phycoerythrin -conjugated 
strep tavid in (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-trarofected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcRJ recognized some other factor that is 
expressed con stituti very on 293 cells. 

Immu no precipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S]cysteine and [ 3S S] methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (IOjiM), 
the medium was immu nop red pit a ted with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u.g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phbsphorimager (Fuji B AS 2000). 
Alternatively, purified, Flag-tagged soluble FasL ( 1 u.g) (Alexis) was incubated 
with each Fc-fusion protein (I u-g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25 fig) was 
incubated with buffer or with DcR3-Fc (40 y,g) for 1.5 h at 24 °C The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6- ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 jxl aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
strep tavidin- horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420 K (data not 
shown), which is consistent with astoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti -human 
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IgG. blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound Hgand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgG 1 before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u.g ml" 1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml'') for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later. by FACS analysis of annexin-V-binding of CD4* cells". 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with sl Cr- loaded Jurkat cells at an effector- 
to- target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of 51 Cr in effector- target co- 
cultures relative to release of 5l Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument ( ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (TI59), the nearest 
available marker which maps to -500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene -copy numbers were derived using the formula 2 (ACT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £. co/i 1 * 3 * 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits . form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet ((33 and (38-0 12) spans both arms of the L, with a domain of a 
a- plus p-type structure (pi, p2, p4-p7, al and a2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and B-sheets in green, b, View along the two-fold axis of the 
HisP dirtier, showing the relative displacement of the monomers not apparent in 
a. The B-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a. towards arm II. showing the ATP-binding 
pocket, a-c. The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 25 . N, amino terminus: C. C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-cha in -reaction (PGR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require ppst-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and ertBZ 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661 -666, 1998. 
© J 998 Wilcy-Liss, Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et ai. 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
. to be amplified frequently in breast cancers include myc (8q24), 
ccndl ( 1 1 q 1 3), and erb&2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erb&2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et ai, 1992; 
Schuuring et ai, 1992; Siamon et aL 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Siamon et al (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
fig/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage rumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson etai, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et ai (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PGR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et ai, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5 '-3' nuclcolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e.. ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C t 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

• Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors {myc, ccndi and erb&2\ as well as 2 genes (a/6 and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular- weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Realtime PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality {i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3, in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et al.. 1 99.4). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N 1 ', and is determined as follows: 



N = ■ 



copy number of target gene (app, my>c, ccndl, erbB2) 
copy number of reference gene (alb) 



Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, Micro Amp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
ng of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and . pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real -time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (I0 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at - 80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min al 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from IO 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 proto-oncogenes, 
and the p-amyloid precursor protein gene {app) y which maps to a 
chromosome region (21q21.2j in which no genetic alterations have 
been found in breast tumors (Katlioniemi et at., 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), wi;h samples containing as few as 10 2 copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes fapp and alb,) 

The app to alb copy-number ratio was determined in 18 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 5 (A9), 10 4 (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in ihe first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows .4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q2l.2: alb, 4qM-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 13 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccnd 1 and erbf?2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 i 0.22) for mvc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccnd] and 0.6 to 1.3 (mean*0.91 ±6.19) for erbbl. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and crbB2 gene dose in breast-tumor DNA 

myc, ccnd J and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table I: Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbB2 (15%, 
16/108) and myc (10%, 11/108). and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for er£B2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (T118). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbB2 copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erfcB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbB2 amplifications 
had previously been done on the same 108 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N s 5). However, there were cases (1 myc, 6 ccndl and 4 er6B2) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccnd! AND erbB2 GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 


2-4.9 


2=5 


myc 

ccndl 

erbm 


0 
0 

5 (4.6%) 


97 (89.8%) 
83 (76.9%) 
87 (80.6%) 


11 (10.2%) 
17(15.7%) 
8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA. which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, wc validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 1 00 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formal in- fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the Q value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disa vantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al, 
1996; Slamon et al, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (J) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app. respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (//) Wc found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et al, 1 992; Borg et al, 1 992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbB2 amplifica- 
tion, confirming the findings of Borg et al ( 1 992) and Courjal et al 
(1997). (iv) The maxima of ccndl and erbB2 over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 
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Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (El 2, C6, black squares), Tl 33 (G 1 1 , B4, red squares) 
andT145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Bems et ai, 1 992; Borg et al, i 992; Courjal et 
al, 1997). (v) The er£B2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et ai, 1995; Deng et al, 1996; Valeron 



et al, 1996). Our results also correlate well with those recently 
published by Gelmini et al ( 1 997), who used the TaqMan system to 
measure erbBl amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
- FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Uccndl/atb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


Til 8 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 
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59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








, T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level oi ccndl gene 
amplification (Uccndl/alb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCfc as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et al, 1992; 
Slamon era/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbBl (but not of the other 2 proto- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1 995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of. pre -neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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